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ཁࢫ
ߏ଄Խ͞Εͨσʔλʹର͢Δม׵͸ɼؔ਺ϓϩάϥϛϯά΍จॻॲཧʹ͓͍ͯॏཁͳ໾ׂ
ΛՌ͓ͯ͠ΓɼͦͷΑ͏ͳม׵ͷ;Δ·͍ͷΑ͍ΫϥεΛ໌Β͔ʹ͢ΔͨΊɼ༷ʑͳܭࢉ
Ϟσϧ͕ఏҊ͞Ε͍ͯΔɽͦͷͻͱͭͱͯ͠ɼAlur ͱ D’Antoni ΒʹΑͬͯఏҊ͞Εͨ୯
Ұ࢖༻੍໿෇͖ܾఆੑετϦʔϜ໦ม׵ث (STTsur) ͕͋ΔɽSTTsur ͷ୯Ұ࢖༻੍໿͸ɼ
STTsur ͕ ୯߲ೋ֊ड़ޠ࿦ཧʹΑΔ໦ม׵ث (MSOTT) ͱಉ౳ͷදݱྗͱͳΔͨΊʹ෇͚
ΒΕ͍ͯΔ੍໿Ͱ͋Δɽ͜ͷ୯Ұ࢖༻੍໿͕ͳ͍ετϦʔϜ໦ม׵ثͷදݱྗʹ͍ͭͯ͸͜
Ε·Ͱٞ࿦͞Ε͓ͯΒͣɼͦͷ౳Ձੑ൑ఆ͕ܾఆՄೳ͔൱͔͸ະղܾ໰୊Ͱ͋Δɽຊ࿦จͰ
͸ STTsur ͷ୯Ұ࢖༻੍໿Λͳ͘͠ɼೖྗΛϥϯΫ෇͖ͷ໦Λදݱ͢Δωετจࣈྻɼग़ྗ
Λจࣈྻʹ੍ݶܾͨ͠ఆੑετϦʔϜม׵ث (SRTST) Λߟ͑Δɽ·ͨɼSRTST ͱ͸ผʹ
໦Λೖྗͱ͠จࣈྻΛग़ྗ͢Δม׵Λѻ͏ܭࢉϞσϧͱͯ͠ਖ਼نઌಡΈ෇͖໦͔Βจࣈྻ
΁ͷܾఆੑԼ߱ܕม׵ث (yDTR) ͕͋ΔɽyDTR ͸ྦྷੵҾ਺Λ൐Θͳ͍ߏ଄తͳ࠶ؼؔ਺
Λѻ͏͜ͱ͕Ͱ͖ΔɽyDTR ͷ౳Ձੑ൑ఆ͸ܾఆՄೳͰ͋Δ͜ͱ͕ূ໌͞Ε͍ͯΔɽຊ࿦
จͰ͸ SRTST ͱ yDTR ͕ಉ౳ͷදݱྗΛ࣋ͭ͜ͱΛࣔ͢ɽ͜ͷূ໌Ͱͷ SRTST ͔Β
yDTR ΁ͷม׵͸ߏ੒తͰ͋ΔͨΊɼyDTR ͷ౳Ձੑ൑ఆΛར༻͢Δ͜ͱʹΑΓɼSRTST
ͷ౳Ձੑ൑ఆ໰୊΋ܾఆՄೳͱͳΔɽ
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ii
1 ͸͡Ίʹ
1.1 എܠ
ߏ଄Խ͞Εͨσʔλʹର͢Δม׵͸ɼؔ਺ϓϩάϥϛϯά΍จॻॲཧʹ͓͍ͯॏཁͳ໾ׂ
ΛՌ͍ͯ͠ΔɽͦͷΑ͏ͳม׵ʹରͯ͠ɼ;Δ·͍ͷΑ͍ΫϥεΛ໌Β͔ʹ͢ΔͨΊ͞·͟
·ͳܭࢉϞσϧ͕ఏҊ͞Ε͍ͯΔ (;Δ·͍ͷΑ͞ͱ͸ɼ౳Ձੑ൑ఆ΍ܕݕ͕ܾࠪఆՄೳ͔Ͳ
͏͔΍Ϋϥε͕߹੒Ͱด͍ͯ͡Δ͔ͳͲͰ͋Δ) [24, 16, 15, 13, 10, 20]ɽͦͷͻͱͭͱͯ͠ɼ
Alur ͱ D’Antoni ΒʹΑͬͯఏҊ͞Εͨ୯Ұ࢖༻੍໿෇͖ετϦʔϜ໦ม׵ث (streaming tree
transducer with single-use-restrictionɼSTTsur) ͕͋Δ [2] *1ɽSTTsur ͸Մࢹϓογϡμ΢
ϯΦʔτϚτϯ (visibly pushdown automaton) ͱετϦʔϜจࣈྻม׵ث (streaming string
transducer) ͷಛ௃Λ߹ΘͤͨΑ͏ͳϞσϧͰ͋Γɼωετจࣈྻ্ͷม׵Λఆٛ͢Δ͜ͱ͕Ͱ
͖Δ [3, 14, 2]ɽ͜͜Ͱωετจࣈྻͱ͸ɼݺͼग़͠/໭Γ (call/return) Ͱλά෇͚͞ΕͨΞϧ
ϑΝϕοτ্ͷจࣈྻͰ͋Γɼ໦΍৿ͳͲͷ֊૚ߏ଄Λදݱ͢Δ͜ͱ͕Ͱ͖ΔɽSTTsur ͸ೖྗ
͞ΕͨωετจࣈྻΛࠨ͔ΒಡΈऔΓɼೖྗه߸ɼݱࡏͷঢ়ଶɼελοΫͷτοϓʹੵ·Εͨ஋
ʹैͬͯ༗ݶݸͷม਺ (Ϩδελ) ͷߋ৽ͱελοΫʹؔ͢Δૢ࡞Λߦ͍ɼग़ྗ͢Δωετจࣈ
ྻΛߏ੒͢Δɽม਺ͷߋ৽Ͱ͸ɼจࣈྻͷ࿈݁΍໦ͷૠೖͱ͍ͬͨૢ࡞Λߦ͏͜ͱ͕Ͱ͖Δɽೖ
ྗΛࠨ͔ΒӈʹҰ౓͚ͩಡΈऔΔͨΊɼೖྗΛҰ୴͢΂ͯಡΈࠐ·ͣͱ΋ܭࢉΛਐΊΔ͜ͱ͕Ͱ
͖Δɽ·ͨɼม׵͸ελοΫͱม਺ʹର͢Δૢ࡞ʹΑΓఆٛ͞ΕΔ͜ͱ͔Βɼಉ౳ͷදݱྗΛ࣋
ͭଞͷม׵ثʹൺ΂࣮ͯ૷ʹదͨ͠Ϟσϧͱͳ͍ͬͯΔɽSTTsur ͸ܕݕࠪ΍ؔ਺ͷ౳Ձੑ൑ఆ
͕ܾఆՄೳͰ͋Δɽ
STTsur ͸ ୯Ұ࢖༻੍໿ (single-use-restriction) ͱݺ͹ΕΔ੍໿͕ม਺ͷߋ৽ʹ͔͚ΒΕͯ
͍Δ͕ɼ͜Ε͸ग़ྗͷܭࢉʹ͓͍ͯɼ֤ม਺ͷ஋͕ຊ࣭తʹߴʑҰճͷΈ࠷ऴग़ྗʹد༩͢Δ
ͱ͍͏͜ͱΛอূ͢Δ੍໿Ͱ͋Δɽ͜ΕʹΑΓɼSTTsur ͸୯߲ೋ֊ड़ޠ࿦ཧʹΑΔ໦ม׵ث
(monadic second order definable tree transducerɼMSOTT) ͱಉ౳ͷදݱྗΛ࣋ͭ [2]ɽ͜ͷ
දݱྗͷରԠ͸ɼೋͭͷม׵͕ؔ਺ͱͯ͠౳͍͔͠Λ൑ఆ͢Δ౳Ձੑ൑ఆ໰୊ͷղܾʹ΋د༩͠
͍ͯΔɽͭ·ΓɼMSOTT ͷ౳Ձੑ൑ఆ͕ܾఆՄೳͰ͋Δ [11] ͜ͱ͔ΒɼSTTsur ͷ౳Ձੑ൑
ఆ΋ܾఆՄೳͱͳΔɽ͔͠͠ɼ୯Ұ࢖༻੍໿͕ͳ͍৔߹ͷදݱྗʹ͍ͭͯ͸͜Ε·Ͱٞ࿦͞Εͯ
͓Βͣɼͦͷ౳Ձੑ൑ఆ͕ܾఆՄೳ͔൱͔͸ະղܾ໰୊Ͱ͋ͬͨ [2]ɽ
ຊ࿦จͰ͸ɼ୯Ұ࢖༻੍໿ͷͳ͍ܾఆੑετϦʔϜม׵ثͷ͏ͪɼೖྗΛϥϯΫ෇͖໦Λ
දݱ͢Δωετจࣈྻɼग़ྗΛจࣈྻʹ੍ݶͨ͠΋ͷΛߟ͑ΔɽͦͷΑ͏ͳม׵ثΛϥϯΫ
*1 [2] Ͱ͸ɼ୯Ұ࢖༻੍໿͕෇͍ͨม׵ثΛετϦʔϜ໦ม׵ثͱݺΜͰ͍Δɽ͔͠͠ɼຊ࿦จͰ͸୯Ұ࢖༻੍໿Λ
൐Θͳ͍৔߹Λѻ͏ͨΊɼ໌ࣔతʹ۠ผͯ͠୯Ұ࢖༻੍໿෇͖ετϦʔϜ໦ม׵ثͱݺͿɽ
1
books
book
The Art of
Computer Programming
D.E.Knuth
empty toJSON=====⇒
[
{
title:"The Art of Computer Programming",
author:"D.E.Knuth"
}
]
ਤ 1.1 ߏ଄Խ͞Εͨσʔλ͔Β JSON ΁ͷม׵
⟨books
⟨book
⟨The Art of Computer Programming⟩
⟨D.E.Knuth⟩
book⟩
⟨empty⟩
books⟩
ਤ 1.2 ωετจࣈྻʹΑΔߏ଄Խ͞Εͨσʔλͷදݱ
෇͖໦͔Βจࣈྻ΁ͷܾఆੑετϦʔϜม׵ث (deterministic streaming ranked-tree-to-string
transducerɼSRTST) ͱݺͿ͜ͱͱ͢ΔɽSRTST ͸ωετจࣈྻ (໦) Λೖྗͱͯ͠จࣈྻΛ
ग़ྗ͢Δม׵Λܗࣜతʹѻ͏ϞσϧͷͻͱͭͰ͋ΓɼSTTsur ͱಉ༷ʹೖྗ͞Εͨωετจࣈྻ
Λࠨ͔ΒӈʹҰճ͚ͩ૸ࠪ͠ɼग़ྗจࣈྻΛߏ੒͢ΔɽSRTST ͸ɼਤ 1.1ʹࣔ͢Α͏ͳߏ଄Խ
͞Εͨσʔλ͔Βจࣈྻ΁ͷม׵Λѻ͏͜ͱ͕Ͱ͖Δ͕ɼೖྗ͸໦͕௚઀༩͑ΒΕΔͷͰ͸ͳ
͘ɼਤ 1.2 ͷΑ͏ͳ໦Λදݱ͢Δωετจࣈྻͱͯ͠༩͑ΒΕΔɽ
SRTST ͱ͸ผʹɼ໦Λೖྗͱͯ͠จࣈྻΛग़ྗ͢Δม׵ثͱͯ͠໦͔Βจࣈྻ΁ͷܾఆੑԼ
߱ܕม׵ث (deterministic top-down tree-to-string transducerɼyDT) *2 ͕͋ΔɽyDT ͸ྦྷੵ
Ҿ਺Λ൐Θͳ͍ߏ଄తͳ࠶ؼؔ਺Λදݱ͢Δ͜ͱ͕Ͱ͖Δɽྫͱͯ͠ɼਤ 1.1 ͷؔ਺ toJSON
*2 yDT ͳͲͷจݙͰ͸ɼϥϯΫ෇͖໦Λ໦ͱݺͼɼϥϯΫແ͠໦Λ৿ͱݺΜͰ͍Δ͕ɼSTTsur ͳͲͷจݙͰ͸ɼ
ϥϯΫ෇͖໦ΛϥϯΫ෇͖໦ͱݺͼɼϥϯΫແ͠໦Λ໦ͱݺΜͰ͍Δɽຊ࿦จͰ͸ͦΕͧΕͷ໋໊๏ʹ߹Θͤͯ
͋Δ͕ɼຊ࿦จͰѻ͏໦͸͢΂ͯϥϯΫ෇͖໦Ͱ͋Δɽ
2
Λ yDT ͷܗࣜͰॻ͘ͱҎԼͷΑ͏ʹͳΔɽ
toJSON (t) = [books(t)]
books(books(x1, x2)) = {info(x1)}rest(x2)
books(empty) = ε
rest(books(x1, x2)) = ,{info(x1)}rest(x2)
rest(empty) = ε
info(book(x1, x2)) = title:"id(x1)",author:"id(x2)"
yDT ʹରͯ͠ਖ਼نઌಡΈ (regular look-ahead) ͱݺ͹ΕΔೖྗ͞Εͨ໦ͷܗʹԠͯ͡ߦ
͏ม׵Λܾఆ͢Δ֦ுΛՃ͑ͨ΋ͷΛਖ਼نઌಡΈ෇͖໦͔Βจࣈྻ΁ͷܾఆੑԼ߱ܕม׵ث
(deterministic top-down tree-to-string transducer with regular look-aheadɼyDTR) [9] ͱ͍
͏ɽྫ͑͹ɼਤ 1.1 ͷؔ਺ toJSON ͸ yDTR Λ༻͍Δͱ࣍ͷؔ਺ toJSON ′ ͱͯ͠ఆٛ͢Δ͜
ͱ͕Ͱ͖Δɽ
toJSON ′(t) = [] if t = empty
toJSON ′(t) = [books ′(t)]
books ′(books(x1, x2)) = {info(x1)} if x2 = empty
books ′(books(x1, x2)) = {info(x1)},books′(x2)
͜ͷྫͰ͸ɼt = empty ΍ x2 = empty ͕ਖ਼نઌಡΈʹ͋ͨΔɽ͜͜Ͱࣔͨؔ͠਺ toJSON ′ ͱ
౳Ձͳؔ਺ (ؔ਺ toJSON ) Λ yDT ʹΑΓఆٛ͢Δ͜ͱ͕Ͱ͖Δ͕ɼҰൠʹ yDTR ͸ yDT Α
Γਅʹදݱྗ͕ڧ͍ɽ·ͨɼyDTR ͷ౳Ձੑ൑ఆ͸ܾఆՄೳͰ͋Δ [22] ͜ͱ͕஌ΒΕ͍ͯΔɽ
ͭ·Γɼ೚ҙͷೋͭͷ yDTR ͕༩͑ΒΕͨͱ͖ͦΕΒ͕ؔ਺ͱͯ͠౳͍͠ม׵Ͱ͋Δ͔ܾఆ͢
Δ͜ͱ͕Ͱ͖Δɽ͔͠͠ɼyDTR ͸ೖྗ͕༩͑ΒΕΔͱ͖ೖྗ͢΂ͯΛಡΉඞཁ͕͋ΔͷʹՃ
͑ɼઌಡΈΛ࣮ݱ͢ΔͨΊ෦෼໦ʹରͯ͠Կ౓΋૸ࠪ͢Δඞཁ͕͋ΔɽҰํɼઌʹ৮ΕͨΑ͏ʹ
SRTST ͸ೖྗ໦ (Λද͢ωετจࣈྻ) ΛҰ౓૸ࠪ͢Δ͚ͩͰग़ྗ͢Δ͜ͱ͕Ͱ͖Δɽ
1.2 ໨తͱํ਑
ຊ࿦จͰ͸ɼSRTST ͱ yDTR ͕ಉ౳ͷදݱྗΛ࣋ͭ͜ͱࣔ͢ɽํ਑͸ɼ೚ҙͷ SRTST ͔
Β౳Ձͳ yDTR ɼٴͼɼ೚ҙͷ yDTR ͔Β౳Ձͳ SRTST Λߏ੒͢ΔͦΕͧΕͷํ๏Λࣔ͢
͜ͱʹΑΓɼਖ਼౰ੑΛओு͢Δ΋ͷͰ͋Δɽͦͷ݁ՌɼyDTR ͷ౳Ձੑ൑ఆ͕ܾఆՄೳͰ͋Δ͜
ͱ͔Β SRTST ͷ౳Ձੑ൑ఆ΋ܾఆՄೳͰ͋Δ͜ͱ͕ಋ͔ΕΔɽ
1.3 ຊ࿦จͷߏ੒
ຊ࿦จͷߏ੒͸࣍ͷͱ͓ΓͰ͋Δɽ2ষͰ͸ɼจࣈྻ΍໦ɼωετจࣈྻʹؔ͢Δجຊతͳఆ
ٛΛड़΂ͨޙɼඇܾఆੑ্ঢܕ໦ΦʔτϚτϯΛಋೖ͢Δɽ3ষͰ͸ɼਖ਼نઌಡΈ෇͖໦͔Βจ
3
ࣈྻ΁ͷܾఆੑԼ߱ܕม׵ثͷఆٛΛࣔ͢ɽ4ষͰ͸ɼ໦͔Βจࣈྻ΁ͷܾఆੑετϦʔϜม׵
ثͷఆٛΛࣔ͢ɽ5ষͰ͸ɼ͸͡Ίʹ೚ҙͷ yDTR ͔Β౳Ձͳม׵Λߦ͏ SRTST Λߏங͢Δ
ํ๏ͱͦͷਖ਼౰ੑΛࣔͨ͠ޙɼࣔͨ͠ߏ੒๏ʹΑΓ SRTST Λߏ੒͢ΔྫΛݟΔɽͦͷޙɼ೚ҙ
ͷ SRTST ͔Β౳Ձͳม׵Λߦ͏ yDTR Λߏங͢Δํ๏ͱͦͷਖ਼౰ੑΛࣔͨ͠ޙɼࣔͨ͠ߏ੒
๏ʹΑΓ yDTR Λߏ੒͢ΔྫΛݟΔɽ࠷ޙʹɼߏ੒๏͔ΒΘ͔Δ͜ͱʹ͍ͭͯड़΂Δɽ6ষ Ͱ
ؔ࿈ݚڀʹ͍ͭͯड़΂ɼSRTST ΍ yDTR ͱͷؔ܎ʹ͍ͭͯࣔ͢ɽ7ষ Ͱຊ࿦จͷ·ͱΊͱࠓ
ޙͷݚڀ՝୊ʹ͍ͭͯड़΂Δɽ
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2 ४උ
ຊষͰ͸ɼจࣈྻɼ໦ɼωετจࣈྻʹ͍ͭͯجຊతͳ༻ޠͱ֓೦ͷಋೖΛߦͬͨޙɼඇܾఆ
ੑ্ঢܕ໦ΦʔτϚτϯ (BTA) ͷఆٛΛࣔ͢ɽ
ۭू߹Λද͢ه߸ͱͯ͠ ∅ Λ༻͍Δɽ0 ΛؚΉࣗવ਺ͷू߹Λ N Ͱද͢ɽࣗવ਺ͷू߹
{1, . . . , n} Λ [n] ͱද͢ɽಛʹ n = 0 ͷͱ͖ [n] = ∅ Ͱ͋Δɽू߹ S ʹ͍ͭͯ S ͷཁૉͷ਺Λ
|S| Ͱද͢ɽू߹ SɼS′ ʹ͍ͭͯ S ͔Β S′ ΛҾ͍ͨࠩू߹Λ S \ S′ Ͱද͢ɽ෦෼ू߹ S ⊆ S′
ʹର͠ɼS′ ͕จ຺্໌Β͔ͳͱ͖ S′ \ S Λ୯ʹ S! Ͱද͢ɽू߹ ∆ ͷ k ݸͷཁૉΛฒ΂ͨ k-
λϓϧ͢΂͔ͯΒͳΔू߹Λ∆k ͱද͢ɽಛʹ k = 0 ͷͱ͖ ∆k ͸ۭͷλϓϧ () ͷΈΛؚΉू
߹ͱͳΔɽk-λϓϧ t ͷ i ൪໨ͷཁૉΛ ti Ͱද͢ɽk-λϓϧ t ʹ͍ͭͯ |t| Ͱཁૉ਺ k Λද
͢ɽk-λϓϧ t ∈ ∆k ͱ d ∈ ∆ ͕༩͑ΒΕͨͱ͖ɼk-λϓϧͷ࠷ޙͷཁૉʹ d ΛՃ͑ͨ k + 1-
λϓϧ (t1, . . . , tk, d) Λ t || d ͱද͢ɽ∆ ͷ k ݸҎԼͷཁૉΛ࣋ͭλϓϧ͢΂͔ͯΒͳΔू߹Λ
∆≤k =
⋃k
i=0∆
i ͱ͢ΔɽۭͰͳ͍༗ݶू߹ΛΞϧϑΝϕοτͱݺͿɽΞϧϑΝϕοτͷཁૉΛ
γϯϘϧ·ͨ͸ه߸ͱݺͿɽA ͔Β B ΁ͷ෦෼ؔ਺ f Λ f : A ⇀ B ͱද͠ɼf ͷఆٛҬΛ
Dom(f) Ͱද͢ɽ
2.1 จࣈྻɼ໦ɼωετจࣈྻ
∆ ΛΞϧϑΝϕοτͱ͢Δͱ͖ɼ༗ݶݸͷ ∆ ͷཁૉ w1, . . . , wn ͷྻ w1 · · ·wn Λ ∆ ্
ͷจࣈྻͱݺͿɽಛʹ௕͞ 0 ͷจࣈྻΛ ε Ͱද͠ɼۭจࣈྻͱݺͿɽจࣈྻ u = u1 · · ·unɼ
v = v1 · · · vm ʹ͍ͭͯɼͦͷ࿈઀ ‘·’ Λ u · v = u1 · · ·unv1 · · · vm ͱఆٛ͢Δɽ·ͨ ‘·’ Λলུ
͠ɼ୯ʹ uv ͱ΋ॻ͘ɽ∆ ্ͷจࣈྻ͢΂͔ͯΒͳΔू߹Λ ∆∗ ͱද͢ɽ∆∗ ͷ෦෼ू߹ L Λ
ݴޠͱ͍͏ɽ
ϥϯΫ෇͖ΞϧϑΝϕοτͱ͸ɼΞϧϑΝϕοτ Σ ͱɼΣ ͷ֤γϯϘϧʹϥϯΫͱݺ͹ΕΔ
ࣗવ਺ΛରԠ෇͚Δؔ਺ rankΣ : Σ → N ͔ΒͳΔ૊ (Σ, rankΣ) Ͱ͋ΔɽϥϯΫ͕ k ͷϥϯΫ
෇͖γϯϘϧ σ Λ σ(k) ͱද͠ɼϥϯΫ෇͖ΞϧϑΝϕοτ Σ ʹؚ·ΕΔϥϯΫ͕ k ͷγϯϘ
ϧ͔ΒͳΔू߹Λ Σ(k) ͱද͢ɽ·ͨɼΣ ʹؚ·ΕΔϥϯΫ෇͖γϯϘϧͷ͏ͪɼϥϯΫ͕ k Α
Γେ͖͍γϯϘϧ͔ΒͳΔू߹Λ Σ(>k) ͱද͢ɽՄࢉແݶू߹ X = {x1, x2, . . . } Λ೚ҙʹݻ
ఆ͠ɼͦͷݩΛೖྗม਺ͱݺͿɽ͋Δࣗવ਺ k ∈ N ʹ͍ͭͯ Xk = {x1, . . . , xk} ͱ͢Δɽಛʹ
k = 0 ͷͱ͖ Xk = ∅ ͱ͢Δɽ
ఆٛ 1. ϥϯΫ෇͖ΞϧϑΝϕοτ Σ ্ͷ໦ͷू߹ TΣ ͸ɼ͢΂ͯͷ σ(n) ∈ Σ ʹ͍ͭͯ
t1, . . . , tn ∈ TΣ ͳΒ͹ σ(t1, . . . , tn) ∈ TΣ Λຬͨ͢࠷খͷू߹Ͱ͋Δɽ !
e ∈ Σ(0) ʹ͍ͭͯ e() ∈ TΣ Λ୯ʹ e ͱॻ͘ɽ໦ͷఆ͔ٛΒΘ͔ΔΑ͏ʹɼϥϯΫ෇͖Ξϧ
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ff
b a
f
a b
ਤ 2.1 ໦ f(f(b,a),f(a,b))
⟨f ⟨f ⟨b b⟩ ⟨a a⟩ f⟩ ⟨f ⟨a a⟩ ⟨b b⟩ f⟩ f⟩
ਤ 2.2 ωετจࣈྻ ⌊f(b,a),f(a,b)⌋
ϑΝϕοτͷϥϯΫ͸֤ϊʔυͷγϯϘϧ͕࣋ͭ͜ͱͷͰ͖Δࢠڙͷ਺Λද͍ͯ͠Δɽ
Σ ΛΞϧϑΝϕοτͱ͢Δͱ͖ɼΣˆ Λλά෇͖ΞϧϑΝϕοτͱݺͼɼ͢ ΂ͯͷ σ ∈ Σ ʹ͍ͭ
ͯʮ⟨σʯͱʮσ⟩ʯͷೋͭͷγϯϘϧΛؚΉू߹ͱ͢Δ (͢ͳΘͪ Σˆ = ⋃σ∈Σ {⟨σ}∪{σ⟩}) *1ɽ
Σˆ ্ͷจࣈྻΛωετจࣈྻͱݺͿɽσ ∈ Σ ʹ͍ͭͯ ⟨σ Λݺग़͠ه߸ɼσ⟩ Λ໭Γه߸ͱݺ
Ϳɽσ ͷҧ͍Λແࢹͯ͠ݺͼग़͠ͱ໭ΓͷରԠ͕औΕͨωετจࣈྻΛ੔߹త (well-matched)
ͱ͍͏ɽ͞Βʹ֤ σ ∈ Σ ʹ͍ͭͯɼʮ⟨σʯ ͱ ʮσ⟩ʯ ͷରԠ͕औΕͨωετจࣈྻΛ੔ܗࣜ
(well-formed) ͱ͍͏ɽ੔ܗࣜͳΒ͹ৗʹ੔߹తͰ͋Δɽ
ྫ 1. ϥϯΫ෇͖ΞϧϑΝϕοτΛ Σ = {f(2), a(0), b(0)} ͱ͢Δɽ
t = f(f(b,a),f(a,b)) ∈ TΣ
͸ɼTΣ ͷཁૉͰ͋Γɼਤ 2.1ͷΑ͏ʹਤࣔ͞ΕΔɽ͔͠͠ɼ࣍ͷΑ͏ͳ t′ ͸ϥϯΫ 0 ͷγϯϘ
ϧ b ͕ࢠڙΛ͍࣋ͬͯΔͨΊ TΣ ͷཁૉͰͳ͍ɽ
t′ = f(b(a),f(b,a)) ̸∈ TΣ
࣍ͷΑ͏ͳωετจࣈྻΛߟ͑Δɽ
⟨f ⟨b b⟩ ⟨a a⟩ f⟩ ⟨f ⟨a a⟩ ⟨b b⟩ f⟩ f⟩ (2.1)
⟨f ⟨f ⟨b b⟩ ⟨a b⟩ f⟩ ⟨f ⟨a a⟩ ⟨b b⟩ f⟩ (2.2)
⟨f ⟨a a⟩ ⟨b b⟩ ⟨a a⟩ f⟩ (2.3)
ࣜ (2.1)͸ɼ໭Γه߸ f⟩ ʹରԠ͢Δݺͼग़͠ه߸͕ଘࡏ͠ͳ͍ͨΊɼ੔߹తͰͳ͍ωετจࣈ
ྻͰ͋Δɽࣜ (2.2)͸੔߹తͰ͋Δ͕ɼݺͼग़͠ه߸ ⟨a ͱ໭Γه߸ b⟩ ͕ਖ਼͘͠ରԠ͓ͯ͠Βͣ
੔ܗࣜͰͳ͍ɽࣜ (2.3) ͸ɼ੔ܗࣜͰ͋Δ͕ϥϯΫ 2 ͷγϯϘϧ f ͕ࡾͭࢠڙΛ࣋ͭͨΊ Σ ্
ͷϥϯΫ෇͖໦Λදݱ͍ͯ͠ͳ͍ɽ !
*1 Ұൠతʹλά෇͖ΞϧϑΝϕοτ͸ call/internal/return ͷ 3 ͭͷ۠ผՄೳͳλά෇͖γϯϘϧ͔ΒͳΔू߹
ͱͯ͠ఆٛ͞ΕΔ͕ɼຊ࿦จͰ͸ϥϯΫ෇͖໦Λදݱ͢ΔωετจࣈྻͷΈΛѻ͏ͨΊ call/return ͚͔ͩΒͳ
Δू߹ͱͯ͠ఆ͍ٛͯ͠Δɽ
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ҎԼɼΣ ΛϥϯΫ෇͖ΞϧϑΝϕοτͱ͢Δɽ
ఆٛ 2. ໦͔Βωετจࣈྻ΁ͷม׵Λߦ͏ؔ਺ ⌊−⌋ : TΣ → Σˆ∗ Λ࣍ͷΑ͏ʹఆٛ͢Δɽ͢΂
ͯͷ t = σ(t1, . . . , tn) ∈ TΣ ʹ͍ͭͯɼ
⌊t⌋ = ⟨σ ⌊t1⌋ · · · ⌊tn⌋ σ⟩
ͱ͢Δɽ !
໦ TΣ ͔Βੜ੒͞ΕΔωετจࣈྻͷू߹Λ ⌊TΣ⌋ ͱ͠ɼ⌊TΣ⌋ ͷݩΛϥϯΫ෇͖ωετจࣈ
ྻͱ͍͏ɽϥϯΫ෇͖ωετจࣈྻ͸੔ܗࣜͰ͋Δ͕ɼٯ͸ඞͣ͠΋੒Γཱͨͳ͍ɽ͋ͱͰݟΔ
Α͏ʹɼຊ࿦จͰ͸ωετจࣈྻͷม׵ثͷೖྗͱͯ͠͸ɼϥϯΫ෇͖ωετจࣈྻͷΈΛର৅
ͱ͢Δɽe ∈ Σ(0) ʹ͍ͭͯɼωετจࣈྻ ⟨e e⟩ (= ⌊e⌋) Λ୯ʹ ⟨e⟩ ͱද͢ɽ
ఆٛ 3. ϥϯΫ෇͖ωετจࣈྻ͔ΒϥϯΫ෇͖໦΁ͷม׵Λߦ͏ؔ਺ ⌈−⌉ : ⌊TΣ⌋ → TΣ Λ࣍
ͷΑ͏ʹఆٛ͢Δɽ͢΂ͯͷωετจࣈྻ w = ⟨σ(n) w1 · · ·wn σ(n)⟩ ∈ ⌊TΣ⌋ ʹ͍ͭͯɼ
⌈w⌉ = σ(⌈w1⌉, . . . , ⌈wn⌉)
ͱ͢Δɽͨͩ͠ɼw1, . . . , wn ∈ ⌊TΣ⌋ ͱ͢Δɽ !
⌊−⌋ ͱ ⌈−⌉ ʹ͍ͭͯɼ໌Β͔ʹ͢΂ͯͷ t ∈ TΣ Ͱ t = ⌈⌊t⌋⌉ ͕੒Γཱͭɽ·ͨɼ͢΂ͯͷ
w ∈ ⌊TΣ⌋ ʹ͍ͭͯ w = ⌊⌈w⌉⌋ ͕੒Γཱͭɽ
ྫ 2. ྫ 1 ʹଓ͖ɼΣ = {f(2), a(0), b(0)} ͱ͢Δɽ໦ f(f(b,a),f(a,b)) ΛωετจࣈྻͰද
͢ͱ w ͷΑ͏ʹͳΔɽ
w = ⌊f(f(b,a),f(a,b))⌋
= ⟨f ⟨f ⟨b b⟩ ⟨a a⟩ f⟩ ⟨f ⟨a a⟩ ⟨b b⟩ f⟩ f⟩
= ⟨f ⟨f ⟨b⟩ ⟨a⟩ f⟩ ⟨f ⟨a⟩ ⟨b⟩ f⟩ f⟩ ∈ ⌊TΣ⌋
w ͷݺͼग़͠ه߸ͱ໭Γه߸ͷରԠ͸ਤ 2.2 ͷΑ͏ʹਤࣔ͞ΕΔɽ·ͨɼҎԼͷωετจࣈྻ
w′ ͸੔ܗࣜͰ͋Δ͕ ⌊TΣ⌋ ʹ͸ؚ·Εͳ͍ɽ
w′ = ⟨f ⟨b b⟩ ⟨a a⟩ f⟩ ⟨f ⟨a a⟩ ⟨b b⟩ f⟩ ̸∈ ⌊TΣ⌋
w′ ͸ೋͭͷ໦ f(b,a)ɼf(a,b) ͷྻΛද͍ͯ͠Δɽ !
2.2 ඇܾఆੑ্ঢܕ໦ΦʔτϚτϯ
ຊઅͰ͸ɼඇܾఆੑ্ঢܕ໦ΦʔτϚτϯ (BTA) ͷఆٛͱ BTA ͕डཧ͢Δݴޠʹ͍ͭͯड़
΂ΔɽBTA ͸໦Λडཧ͢ΔΦʔτϚτϯͰ͋ΓɼBTA ͷडཧ͢ΔݴޠͷΫϥε͸ਖ਼ن໦ݴޠ
(regular tree language) ͷΫϥεͱҰக͢Δɽ
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ఆٛ 4. ඇܾఆੑ্ঢܕ໦ΦʔτϚτϯ (non-deterministic bottom-up tree automatonɼBTA)
͸ɼ࣍ͷΑ͏ʹఆٛ͞ΕΔ૊ (Π,Σ, θ) Ͱ͋Δɽ
• Π ͸ঢ়ଶͷ༗ݶू߹ɼ
• Σ ͸ϥϯΫ෇͖ΞϧϑΝϕοτɼ
• θ : Σ(n) ×Πn → 2Π ͸ભҠؔ਺ɽ !
BTA A = (Π,Σ, θ) ͱ͢ΔɽભҠؔ਺ θ ͷࣗવͳ֦ு θˆ : TΣ → 2Π Λ࣍ͷΑ͏ʹఆٛ͢Δɽ
໦ σ(t1, . . . , tn) ∈ TΣ ʹ͍ͭͯɼ
θˆ(σ(t1, . . . , tn)) =
⋃
π1∈θˆ(t1),...,πn∈θˆ(tn)
θ(σ,π1, . . . ,πn)
ͱ͢Δɽπ ∈ Πɼt ∈ TΣ ʹ͍ͭͯ π ∈ θˆ(t) ͷͱ͖ɼπ ͕ t Λडཧ͢Δͱ͍͏ɽπ ͕डཧ͢Δ໦ͷ
ू߹Λ LA(π) = {t ∈ TΣ | π ∈ θˆ(t)} ͱఆٛ͢ΔɽA ͕໌Β͔ͳͱ͖୯ʹ L(π) ͱॻ͘ɽπ ∈ Π
͕͋Δ໦Λडཧ͢Δͱ͖ π ͕౸ୡՄೳͰ͋Δͱ͍͏ɽ͢΂ͯͷঢ়ଶʹ͍ͭͯ౸ୡՄೳͳͱ͖ɼA
͸౸ୡՄೳ৚݅Λຬͨ͢ͱ͍͍ɼຊ࿦จͰ͸౸ୡՄೳ৚݅Λຬͨ͢ BTA ͚ͩΛߟ͑Δɽ͜ͷͱ
͖ɼ͢΂ͯͷ π ∈ Π ʹ͍ͭͯ L(π) ̸= ∅ ͕੒Γཱͭɽ
͢΂ͯͷ σ(n) ∈ Σɼπ1, . . . ,πn ∈ Π ʹ͍ͭͯ θ(σ,π1, . . . ,πn) ͷཁૉ਺͕ߴʑ 1 ͷͱ͖ɼܾ
ఆੑ্ঢܕ໦ΦʔτϚτϯ (determinisitc bottom-up tree autoamtonɼDBTA) ͱ͍͏ɽDBTA
͸ɼ͢΂ͯͷ t ∈ TΣ ʹ͍ͭͯ |θˆ(t)| ≤ 1 Ͱ͋Γɼθˆ(t) = {π} ͳΔ π ͕ଘࡏ͢Δ͔ɼθˆ(t) = ∅
Ͱ͋Δɽຊ࿦จͰ͸ɼDBTA ʹ͍ͭͯભҠؔ਺ θ Λ Σ(n) × Πn ͔Β Π ΁ͷࣸ૾ͱͯ͠ѻ
͏ɽͨͩ͠ɼθˆ(t) = ∅ ͷͱ͖ ⊥ ̸∈ Π ͳΔঢ়ଶʹભҠ͢Δ΋ͷͱ͢Δɽ͜ͷͱ͖ɼ͢΂ͯ
ͷ t ∈ TΣ ʹ͍ͭͯɼগͳ͘ͱ΋Ұͭ͸ t Λडཧ͢Δঢ়ଶ͕ଘࡏ͢ΔɽDBTA ͕डཧ͢Δ
ݴޠͷΫϥε {LA(π) | A = (Π,Σ, θ) : DBTA,π ∈ Π} ͱ BTA ͕डཧ͢ΔݴޠͷΫϥε
{LA(π) | A = (Π,Σ, θ) : BTA,π ∈ Π} ͸ɼͲͪΒ΋ਖ਼ن໦ݴޠͱಉ͡ΫϥεͰ͋Γɼ࿨ू
߹ɾੵू߹ɾิू߹ʹ͍ͭͯด͓ͯ͡ΓɼͦΕΒͷݴޠΛडཧ͢Δ BTA Λߏங͢Δ͜ͱ͕Ͱ͖
Δ [7]ɽ͜͜Ͱ͸ɼੵू߹ʹ͍ͭͯ؆୯ʹड़΂ΔɽA = (Σ,Π, θ)ɼA′ = (Σ,Π′, θ′) Λ BTA ͱ͢
Δͱ͖ɼA ͱ A′ ͷੵΦʔτϚτϯΛ A⊗ A′ Ͱද͠ɼA⊗ A′ = (Σ,Π× Π′, θA⊗A′) ͱఆٛ͢
Δɽ͜͜Ͱɼ͢΂ͯͷ σ(n) ∈ Σɼ(π1,π′1), . . . , (πn,π′n) ∈ Π×Π′ ʹ͍ͭͯɼ
θA⊗A′(σ, (π1,π′1), . . . , (πn,π
′
n))
= {(π,π′) ∈ Π×Π′ | π ∈ θ(σ,π1, . . . ,πn) ∧ π′ ∈ θ(σ,π′1, . . . ,π′n)}
ͱ͢Δɽ͜ͷఆٛʹΑΓɼ͢ ΂ͯͷ (π,π′) ∈ Π×Π′ ʹ͍ͭͯLA⊗A′((π,π′)) = LA(π)∩LA′(π′)
͕੒Γཱͭɽ
ྫ 3. BTA A = (Π,Σ, θ) Λ࣍ͷΑ͏ʹఆٛ͢ΔɽΠ = {πa,πb}ɼΣ = {f(2), a(0), b(0)} ͱ͠ɼ
ભҠؔ਺ θ Λ࣍ͷΑ͏ʹ༩͑Δɽ
θ(f,π1,π2) = {π1}, θ(a, ()) = {πa}, θ(b, ()) = {πb}.
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b a
f
a b
{πb}
{πb}
{πb} {πa}
{πa}
{πa} {πb}
ਤ 2.3 BTA ͷભҠؔ਺ʹΑΔঢ়ଶͷׂΓ౰ͯ
͢΂ͯͷ σ(n) ∈ Σɼπ1, . . . ,πn ∈ Π ʹ͍ͭͯ |θ(σ,π1, . . . ,πn)| = 1 Ͱ͋Δ͜ͱ͔Β A ͸
DBTA Ͱ͋ΔɽL(πa) ͸࠷΋ࠨଆͷ༿͕ a ͱͳΔ໦͢΂ͯΛؚΉू߹Ͱ͋ΓɼL(πb) ͸࠷
΋ࠨଆͷ༿͕ b ͱͳΔ໦͢΂ͯΛؚΉू߹Ͱ͋Δɽྫ͑͹ θˆ(a) = {πa}ɼθˆ(b) = {πb} ͔Β
a ∈ L(πa)ɼb ∈ L(πb) Ͱ͋Δɽ·ͨɼ໦ f(b,a), f(a,b) ∈ TΣ ʹ͍ͭͯɼ
θˆ(f(b,a)) =
⋃
π1∈θˆ(b),π2∈θˆ(a)
θ(f,π1,π2)
= {πb},
θˆ(f(a,b)) =
⋃
π1∈θˆ(a),π2∈θˆ(b)
θ(f,π1,π2)
= {πa}.
Ͱ͋ΔͨΊɼf(b,a) ∈ L(πb)ɼf(a,b) ∈ L(πa) ͱͳΔɽಉ༷ʹͯ͠ f(f(b,a),f(a,b)) ∈
L(πb) ͱΘ͔Δɽ
θˆ(f(f(b,a),f(a,b))) =
⋃
π1∈θˆ(f(b,a)),π2∈θˆ(f(a,b))
θ(f,π1,π2) = {πb}.
θˆ(f(f(b,a),f(a,b))) ͷܭࢉʹ͓͍ͯɼ֤ ϊʔυʹׂΓ౰ͯΒΕΔঢ়ଶ͸ਤ 2.3ͷΑ͏ʹͳΔɽ
!
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3 ઌಡΈ෇͖໦͔Βจࣈྻ΁ͷܾఆੑԼ߱ܕม׵ث
ຊষͰ͸ɼਖ਼نઌಡΈ෇͖໦͔Βจࣈྻ΁ͷܾఆੑԼ߱ܕม׵ث (yDTR) ͷఆٛͱͦͷ۩ମ
ྫΛࣔ͢ɽyDTR ͸໦͔Βจࣈྻ΁ͷܾఆੑԼ߱ܕม׵ث (yDT) ʹରͯ͠ਖ਼نઌಡΈ (regular
look-ahead) ͱݺ͹ΕΔ֦ுΛͨ͠΋ͷͰ͋ΔɽyDT ͸ೖྗͱͯ͠໦Λड͚औΓɼจࣈྻΛग़
ྗ͢Δؔ਺Λѻ͏ܭࢉϞσϧͰ͋ΓɼྦྷੵҾ਺Λ൐Θͳ͍ߏ଄తͳ࠶ؼؔ਺Λఆٛ͢Δ͜ͱ͕Ͱ
͖Δɽ
͸͡Ίʹ yDTR ͷنଇͷӈลͰ༻͍Δදݱͷू߹Λఆٛ͢Δɽ
ఆٛ 5. (ঢ়ଶͷ) ༗ݶू߹ QɼΞϧϑΝϕοτ ∆ɼม਺ू߹ Xn (n ∈ N) ʹ͍ͭͯɼ࣍ͷจ๏
͔Βੜ੒͞ΕΔྻ͢΂ͯΛؚΉू߹Λ RhsQ,∆(Xn) ͱද͢ɽ
τ ::= ε | aτ | q(xi)τ
͜͜Ͱ a ∈ ∆ɼq ∈ Qɼi ∈ [n] ͱ͢Δɽ·ͨɼq(xi) ͸λϓϧ (q, xi) Λද͢ɽ !
ू߹ RhsQ,∆(Xn) ͸ yDTR ͷॳظྻͱม׵نଇͷఆٛʹ༻͍Δɽτ ∈ RhsQ,∆(Xn) ʹ͍ͭ
ͯ τ ʹ q(xi) ͕ݱΕΔͱ͖ q(xi) ∈ τ ͱॻ͘ɽ
yDTR ͷܗࣜతͳఆٛΛҎԼʹࣔ͢ɽൺֱత৽͍͠จݙ [12, 18]Ͱ͸ɼਖ਼نઌಡΈʹ͸ DBTA
͕༻͍ΒΕΔ͕ɼSRTST ͔Β yDTR Λߏங͢Δͱ͖ɼઌಡΈΦʔτϚτϯ͕ BTA Ͱ͋Δํ͕
౎߹͕ྑ͍ͨΊɼ͜͜Ͱ͸ BTA Λਖ਼نઌಡΈͱͯ͠༻͍Δ͕ɼͲͪΒ΋දݱྗ͸౳͍͠ɽBTA
ͷભҠ͸ඇܾఆతͰ͋Δ͕ɼ֤ม׵نଇ͸ܾఆతͰ͋Δ఺ʹ஫ҙ͢Δඞཁ͕͋Δɽ
ఆٛ 6. ਖ਼نઌಡΈ໦͔Βจࣈྻ΁ͷܾఆੑԼ߱ܕม׵ث (deterministic top-down tree-
to-string transducer with regular look-ahead, yDTR) ͸ɼ࣍ͷΑ͏ʹఆٛ͞ΕΔ૊
(Q,Σ,∆, Init , R,Π, θ) Ͱ͋Δɽ
• Q ͸ঢ়ଶͷ༗ݶू߹ɼ
• Σ ͸ϥϯΫ෇͖ೖྗΞϧϑΝϕοτɼ
• ∆ ͸ग़ྗΞϧϑΝϕοτɼ
• (Π,Σ, θ) ͸ BTA Ͱ͋ΓɼઌಡΈΦʔτϚτϯͱݺͿɽ
• Init ⊆ RhsQ,∆(X1) × Π ͸ॳظྻͱઌಡΈΦʔτϚτϯͷঢ়ଶͷ૊ͷू߹Ͱ͋Γɼ͢΂
ͯͷ (τ,π) ̸= (τ ′,π′) ∈ Init ʹ͍ͭͯ L(π) ∩ L(π′) = ∅ ͱ͢Δɽ(Π,Σ, θ) ͸౸ୡՄೳ৚
݅Λຬͨͨ͢Ί (τ,π) ∈ Init ͱͳΔ π ͸ߴʑҰͭͰ͋Γɼଘࡏ͢Δͱ͖ τ Λ Init(π) ͱ
ද͢ɽ
• R ⊆ ⋃n∈N(Q × Σ(n) × RhsQ,∆(Xn) × Πn) ͸ਖ਼نઌಡΈ෇͖ม׵نଇͷ༗ݶू߹Ͱ͋
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Γɼ֤ม׵نଇ͸࣍ͷΑ͏ͳܗͰද͢ɽ
q(σ(x1, . . . , xn))→ τ ⟨π1, . . . ,πn⟩
͜͜Ͱ q ∈ Qɼσ(n) ∈ Σɼτ ∈ RhsQ,∆(Xn)ɼπ1, . . . ,πn ∈ Π Ͱ͋Δɽrank(σ) = 0 ͷͱ
͖ɼσ() Λ σ ͱॻ͖ɼ⟨⟩ Λলུ͢Δɽ·ͨɼ֤ม׵نଇ͸࣍ͷΑ͏ͳҙຯͰܾఆతͰ͋
Δͱ͢Δɽ͢΂ͯͷ (q,σ, τ, (π1, . . . ,πn)) ̸= (q,σ, τ ′, (π′1, . . . ,π′n)) ∈ R ʹ͍ͭͯɼ͋Δ
i ∈ [n] ͕ଘࡏͯ͠ πi ̸= π′i ͔ͭ L(πi) ∩ L(π′i) = ∅ Ͱ͋Δɽ
(Π,Σ, θ) ͸౸ୡՄೳ৚݅Λຬͨͨ͢Ίɼq ∈ Qɼσ(n) ∈ Σɼπ1, . . . ,πn ∈ Π ʹର͢Δม
׵نଇ͸ߴʑҰͭͰ͋ΓɼͦΕΛ (q,σ,π1, . . . ,πn)-نଇͱݺͿɽπ = (π1, . . . ,πn) ∈ Πn
ͱ͢Δͱ͖ (q,σ,π1, . . . ,πn) ͷҙຯͰ (q,σ,π) ͱදه͢Δɽ(q,σ,π)-نଇ͕ଘࡏ͢Δͱ
͖ɼ(q,σ,π) ∈ R ͱද͢ɽ(q,σ,π)-نଇͷӈล τ Λ rhs(q,σ,π) ͱද͢ɽ !
M = (Q,Σ,∆, Init , R,Π, θ) Λ yDTR ͱ͢Δɽ૬ޓ࠶ؼʹΑΓɼঢ়ଶ q ∈ Q ʹର͠෦
෼ؔ਺ !q"M : TΣ ⇀ ∆∗ Λɼͦͯ͠ τ ∈ RhsQ,∆(Xn) ʹର͠෦෼ؔ਺ !τ"M : T nΣ ⇀ ∆∗
Λ࣍ͷΑ͏ʹఆٛ͢Δɽ໦ σ(t1, . . . , tn) ∈ TΣ ʹ͍ͭͯɼ͋Δ π1, . . . ,πn ∈ Π ͕ଘࡏͯ͠
t1 ∈ L(π1), . . . , tn ∈ L(πn) ͔ͭ (q,σ,π1, . . . ,πn)-نଇ͕ఆٛ͞Ε͍ͯΔͱ͖ɼ
!q"M (σ(t1, . . . , tn)) = !rhs(q,σ,π1, . . . ,πn)"M (t1, . . . , tn)
ͱ͢Δ (্ͷఆٛ͸Α͘ఆٛ͞Ε͍ͯΔɼ͢ͳΘͪ π′1, . . . ,π′n ΋ಉ༷ͷ৚݅Λຬͨ͢ͱ͖ R ͷ
ܾఆੑ͔Β rhs(q,σ,π1, . . . ,πn) = rhs(q,σ,π′1, . . . ,π′n) ͕ݴ͑Δ)ɽ෦෼ؔ਺ !τ"M : T nΣ ⇀ ∆∗
͸࣍ͷΑ͏ʹఆٛ͢Δɽ
!ε"M (t1, . . . , tn) = ε!aτ"M (t1, . . . , tn) = a !τ"M (t1, . . . , tn)!q′(xi)τ"M (t1, . . . , tn) = !q′"M (ti) · !τ"M (t1, . . . , tn)
ͨͩ͠ɼ a ∈ ∆ɼq′ ∈ Qɼxi ∈ Xn Ͱ͋Δɽ
Ҏ্ͷఆ͔ٛΒɼM ʹରͯ͠෦෼ؔ਺ !M" : TΣ ⇀ ∆∗ ΛҎԼͷΑ͏ʹఆٛ͢Δɽt ∈ TΣ ʹ
ରͯ͋͠Δ π ∈ Π ͕ଘࡏͯ͠ t ∈ L(π) ͷͱ͖ !M" (t) = !Init(π)"M (t) ͱఆٛ͠ɼͦͷΑ͏
ͳ π ͕ଘࡏ͠ͳ͍ͳΒ͹ະఆٛͱ͢Δɽ(Init ʹؔ͢Δ৚͔݅Β π ͸ҰҙͰ͋Δɽ) !M" ͷఆ
ٛҬΛ Dom(M) Ͱද͠ɼ!q"M ͷఆٛҬΛ Dom(q) ͱද͢ɽ
ྫ 4. ྫ 3 Ͱ༻͍ͨ Πɼθ Λ࢖ͬͯ yDTR M = (Q,Σ,∆, Init , R,Π, θ) Λ࣍ͷΑ͏ʹఆٛ͢Δɽ
Q = {q}ɼΣ = {f(2), a(0), b(0)}ɼ∆ = {a, b}ɼInit = {(q(x1),πa), (q(x1),πb)} ͱ͠ɼR ʹؚ
·ΕΔม׵نଇΛ࣍ͷΑ͏ʹ͢Δɽ
q(f(x1, x2))→ q(x1)q(x2) ⟨πa,πa⟩, q(f(x1, x2))→ q(x2)q(x1) ⟨πb,πa⟩, q(a)→ a,
q(f(x1, x2))→ q(x1)q(x2) ⟨πa,πb⟩, q(f(x1, x2))→ q(x2)q(x1) ⟨πb,πb⟩, q(b)→ b.
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͜ͷͱ͖ɼ !M" ͸༩͑ΒΕͨ໦ʹ͍ͭͯɼҰ൪ࠨԼͷࢠڙ͕ b ͷͱ͖ࠨͷࢠڙͱӈͷࢠڙΛަ
׵͢Δͱ͍ͬͨૢ࡞Λࢠڙʹରͯ͠܁Γฦ͠ߦ͏͜ͱͰಘΒΕΔ໦ͷ༿Λࠨ͔Βӈʹग़ྗ͢Δม
׵Ͱ͋Δɽೖྗͱͯ͠ f(f(b,a),f(a,b)) ͕༩͑ΒΕͨͱ͖ɼ࣍ͷΑ͏ʹͯ͠ܭࢉ͠ɼ࠷ऴత
ͳग़ྗͱͯ͠ !M" (f(f(b,a),f(a,b))) = abab ΛಘΔɽ
!M" (f(f(b,a),f(a,b))) = !Init(πb)"M (f(f(b,a),f(a,b)))
= !q(x1)"M (f(f(b,a),f(a,b)))
= !q"M (f(f(b,a),f(a,b)))
= !rhs(q, f, ⟨πb,πa⟩)"M (f(b,a), f(a,b))
= !q(x2)q(x1)"M (f(b,a), f(a,b))
= !q"M (f(a,b)) !q"M (f(b,a))
= !rhs(q, f, ⟨πa,πb⟩)"M (f(a,b)) !rhs(q, f, ⟨πb,πa⟩)"M (f(b,a))
= !q(x1)q(x2)"M (a, b) !q(x2)q(x1)"M (b, a)
= !q"M (a) !q"M (b) !q"M (a) !q"M (b)
= abab !
M = (Q,Σ,∆, Init , R,Π, θ) Λ yDTR ͱ͠ɼA = (Σ,Π, θ) ͱ͢ΔɽM ͷఆ͔ٛΒ
Dom(M) ⊆ ⋃(τ,π)∈Init LA(π) ͕ݴ͑ΔɽyDTR ͷఆٛҬ Dom(M) ͸ BTA ʹΑͬͯ
ද͢͜ͱ͕Ͱ͖ΔͷͰɼDom(M) = LA0(π0) ͱ͠ɼA0 = (Σ,Π0, θ0) ͱ͢Δɽ·ͨɼ
BTA ͸ڞ௨෦෼ʹ͍ͭͯด͍ͯ͡ΔͨΊɼLA⊗A0(π0) = LA(π) ∩ Dom(M) Ͱ͋Γɼ
A′ = (Σ,Π × Π0, θ′) def= A ⊗ A0 ͱ͢Δɽ৽͘͠ yDTR M ′ = (Q,Σ,∆, Init ′, R′,Π × Π0, θ′)
Λఆٛ͢ΔɽInit ′ = {(τ, (π,π0)) | (τ,π) ∈ Init} ͱ͠ɼR′ ΛҎԼͰఆٛ͢Δɽ
q(σ(x1, . . . , xn))→ rhs(q,σ,π1, . . . ,πn) ⟨(π1,π′1), . . . , (πn,π′n)⟩
͜ͷͱ͖ɼ!M" = !M ′" Ͱ͋Γ͔ͭɼ
Dom(M ′) =
⊎
(τ ′,π′)∈Init′
LA′(π′) (3.1)
͕੒Γཱͭɽ͜ΕҎ߱ߟ͑Δ yDTR ͸ࣜ (3.1)Λຬͨ͢΋ͷͱ͢Δɽ·ͨɼಉ༷ʹ Dom(q) ʹ
͍ͭͯ΋
Dom(q) =
⊎
(q,σ,π)∈R
{σ(t1, . . . , tn) | t1 ∈ L(π1), . . . , tn ∈ L(πn)}
͕੒Γཱͭ΋ͷͱ͢Δɽ
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4 ໦͔Βจࣈྻ΁ͷܾఆੑετϦʔϜม׵ث
ຊষͰ͸ɼϥϯΫ෇͖໦͔Βจࣈྻ΁ͷܾఆੑετϦʔϜม׵ث (SRTST) ͷఆٛͱ۩ମྫΛ
ࣔ͢ɽSRTST ͸ɼAlur ͱ D’Antoni ΒʹΑͬͯఏҊ͞Εͨ୯Ұ࢖༻੍໿෇͖ετϦʔϜ໦ม
׵ث (STTsur) ͔Β୯Ұ࢖༻੍໿Λͳ͘͠ɼೖྗΛϥϯΫ෇͖ωετจࣈྻɼग़ྗΛจࣈྻʹ੍
ݶͨ͠ετϦʔϜ໦ม׵ثͰ͋ΔɽSRTST ͸ɼ༗ݶݸͷม਺ͱελοΫΛ࣋ͭܭࢉϞσϧͰ͋
Δɽ༗ݶݸͷม਺ʹ͸จࣈྻׂ͕Γ౰ͯΒΕɼ֤ม਺ʹରׂͯ͠౰ͯΒΕͨจࣈྻΛฦؔ͢਺Λ
͜͜Ͱ͸ධՁͱݺͿɽελοΫʹ͸ελοΫه߸ͱධՁͷ૊͕ੵ·ΕΔɽSRTST ͸ೖྗ͞Εͨ
ωετจࣈྻΛࠨ͔Βӈʹ૸ࠪ͠ɼঢ়ଶɼελοΫɼ༗ݶݸͷม਺Λߋ৽͍ͯ͘͜͠ͱͰग़ྗจ
ࣈྻΛߏ੒͢Δɽݺͼग़͠ه߸ΛಡΜͩͱ͖͸ɼঢ়ଶͷભҠͱධՁͷߋ৽Λ͠ɼελοΫʹε
λοΫه߸ͱߋ৽ؔ਺Ͱఆ·Δׂ౰ͯʹΑΓܭࢉ͞ΕͨධՁΛੵΉɽ͜ͷͱ͖ɼݱࡏͷධՁΛ͢
΂ͯͷม਺ʹ͍ۭͭͯจࣈྻΛฦ͢ධՁʹߋ৽͞ΕΔɽ໭Γه߸ΛಡΜͩͱ͖͸ɼঢ়ଶͷભҠͱ
ελοΫʹੵ·ΕͨελοΫه߸ʹै͍ঢ়ଶΛભҠ͠ɼߋ৽ؔ਺Ͱఆ·Δׂ౰ͯΛελοΫʹੵ
·ΕͨධՁͱͦͷ࣌఺ͷධՁ͔Βܭࢉ͠ɼͦͷ݁ՌಘΒΕͨධՁͰݱࡏͷධՁΛߋ৽͢Δɽ࠷ޙ
ʹɼೖྗΛಡΈऴ͑ͨͱ͖ͷঢ়ଶͱධՁʹै͍จࣈྻΛग़ྗ͢Δɽ
4.1 ධՁͱׂ౰ͯ
࣍અͰͷ SRTST ͷఆٛͷͨΊʹɼ͜͜Ͱ͸ධՁ΍ධՁΛߋ৽͢ΔͨΊͷදݱɼධՁΛߋ৽͢
ΔͨΊͷࣸ૾ (ׂ౰ͯ) ͷಋೖͱɼͦΕΒʹؔ͢Δ͍͔ͭ͘ͷදه๏Λఆٛ͢Δɽ
ม਺ͷ༗ݶू߹ ΓɼΞϧϑΝϕοτ ∆ ʹ͍ͭͯ Γ ͔Β ∆∗ ΁ͷࣸ૾ΛධՁ (evaluation) ͱ
͍͏ɽม਺ͷ༗ݶू߹ Γ ͱΞϧϑΝϕοτ ∆ ͕༩͑ΒΕͨͱ͖ɼ࣍ͷจ๏͔Βੜ੒͞ΕΔྻ͢
΂͔ͯΒͳΔू߹Λ E(Γ,∆) ͱද͠ɼΓ ͱ ∆ ্ͷදݱͷू߹ͱݺͿɽ
E ::= ε | aE | γE
͜͜Ͱ a ∈ ∆ɼγ ∈ Γ Ͱ͋ΔɽE(Γ,∆) ͸ධՁΛߋ৽͢ΔͨΊʹ࢖͏දݱͷू߹Ͱ͋ΔɽධՁ
α : Γ → ∆∗ ͷࣗવͳ֦ுͱͯ͠ E(Γ,∆) ͔Β ∆∗ ΁ͷࣸ૾͕ߟ͑ΒΕΔɽදݱ e ∈ E(Γ,∆)
ʹ͍ͭͯɼe ʹݱΕΔม਺ γ Λ α(γ) Ͱஔ׵ͯ͠ಘΒΕΔ ∆ ্ͷจࣈྻΛ eα ͱද͢ɽ
ΓɼΓ′ Λม਺ͷ༗ݶू߹ɼ∆ ΛΞϧϑΝϕοτͱͨ͠ͱ͖ɼΓ ͔Β E(Γ′,∆) ΁ͷࣸ૾Λׂ౰
ͯ (assignment) ͱݺͿɽׂ౰ͯ ρ : Γ→ E(Γ′,∆) Λදͨ͢Ίʹ࣍ͷදهΛ༻͍Δɽ
ρ = [γ1 := e1, . . . , γn := en]
͜͜Ͱ Γ = {γ1, . . . , γn}ɼei = ρ(γi) ∈ E(Γ′,∆) Ͱ͋Δɽ͜ͷදهʹ͓͍ͯ͋Δม਺ γ ʹؔ͢
Δදݱ͕໌ࣔతʹॻ͔Ε͍ͯͳ͍ͱ͖ɼγ := γ Ͱ͋Δ΋ͷͱ͢Δɽ·ͨ ΓɼΓ′ɼ∆ ʹର͢Δׂ
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౰ͯ͢΂ͯΛؚΉͷू߹Λ A(Γ,Γ′,∆) ͱද͢ɽׂ౰ͯ ρ : Γ → E(Γ′,∆) ͷࣗવͳ֦ுͱͯ͠
E(Γ,∆) ͔Β E(Γ′,∆) ΁ͷࣸ૾͕ߟ͑ΒΕΔɽදݱ e ∈ E(Γ,∆) ʹ͍ͭͯɼe ʹݱΕΔม਺ γ
Λ ρ(γ) Ͱஔ׵ͯ͠ಘΒΕΔ Γ′ ͱ ∆ ্ͷදݱΛ eρ ͱද͢ɽׂ౰ͯͷू߹ A(Γ,Γ′,∆) ʹ͍ͭ
ͯ Γ′ = ∅ ͷͱ͖ɼׂ౰ͯ α ∈ A(Γ,Γ′,∆) ͸ Γ ͔Β∆∗ ΁ͷࣸ૾Ͱ͋Γɼ͜Ε͸ධՁʹଞͳΒ
ͳ͍ɽͦͷͨΊɼׂ౰ͯʹ͍ͭͯఆٛͨ͠දهΛධՁʹ͍ͭͯ΋༻͍Δ͜ͱͱ͢Δɽ
ೋͭͷׂ౰ͯ ρ1 : Γ1 → E(Γ′1,∆)ɼρ2 : Γ2 → E(Γ′2,∆) ͕༩͑ΒΕͨͱ͖ɼΓ1 ͔Β
Γ′1 ∪ Γ′2 ΁ͷׂ౰ͯ ρ1ρ2 ΛҎԼͷΑ͏ʹఆٛ͢Δɽ֤ γ ∈ Γ1 ʹରͯ͠ɼρ1(γ) ∈ E(Γ′1,∆)
ʹݱΕΔ γ′1 ∈ Γ′1 ∩ Γ2 Λ ρ2(γ′1) ∈ E(Γ′2,∆) Ͱஔ׵͠ɼγ′1 ∈ Γ′1 \ Γ2 ͸ͦͷ··࢒ͯ͠
ಘΒΕΔ E(Γ′1 ∪ Γ′2,∆) ͷݩΛ (ρ1ρ2)(γ) ͱఆٛ͢Δɽೋͭͷׂ౰ͯ ρ1 : Γ1 → E(Γ,∆)ɼ
ρ2 : Γ2 → E(Γ,∆) ʹ͍ͭͯ Γ1 ∩ Γ2 = ∅ ͷͱ͖ɼ ρ1 unionmulti ρ2 Ͱ࣍ͷΑ͏ʹఆٛ͞ΕΔ Γ1 unionmulti Γ2 ͔
Β E(Γ,∆) ΁ͷࣸ૾ (ׂ౰ͯ) Λද͢ɽ
ρ1 unionmulti ρ2 = [γ1 := ρ1(γ1), . . . , γn := ρ1(γn), γ′1 := ρ2(γ′1), . . . , γ′m := ρ2(γ′m)]
ͨͩ͠ Γ1 = {γ1, . . . , γn}ɼΓ2 = {γ′1, . . . , γ′m} ͱ͢Δɽ
ྫ 5. Γ = {γ1, γ2}ɼ∆ = {a, b} ͱ͢ΔɽධՁ α = [γ1 := ab, γ2 := ba] ∈ A(Γ, ∅,∆)ɼׂ౰ͯ
ρ1 = [γ1 := γ1γ2, γ2 := γ1b] ∈ A(Γ,Γ,∆) ʹ͍ͭͯɼ
ρ1α =
⎡⎣γ1 := ab︸︷︷︸
γ1
ba︸︷︷︸
γ2
, γ2 := ab︸︷︷︸
γ1
b
⎤⎦
Ͱ͋Δɽ·ͨɼρ2 = [γ1 := aγ1γ2b, γ2 := γ2γ1] ͱͨ͠ͱ͖ɼ
ρ2ρ1α = ρ2(ρ1α)
= ρ2 [γ1 := abba, γ2 := abb]
=
⎡⎣γ1 := a abba︸ ︷︷ ︸
γ1
abb︸︷︷︸
γ2
b, γ2 := abb︸︷︷︸
γ2
abba︸ ︷︷ ︸
γ1
⎤⎦
ͱͳΔɽ·ͨɼ࣍ͷΑ͏ʹࠨଆ͔Βઌʹܭࢉͯ͠΋݁Ռ͸มΘΒͳ͍ɽ
(ρ2ρ1)α =
⎡⎢⎣γ1 := a γ1γ2︸︷︷︸
γ1
b γ1b︸︷︷︸
γ2
, γ2 := γ1b︸︷︷︸
γ2
γ1γ2︸︷︷︸
γ1
⎤⎥⎦ α
=
⎡⎣γ1 := a ab︸︷︷︸
γ1
ba︸︷︷︸
γ2
b ab︸︷︷︸
γ2
bb, γ1 := ab︸︷︷︸
γ1
b ab︸︷︷︸
γ1
ba︸︷︷︸
γ2
⎤⎦
!
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4.2 ϥϯΫ෇͖໦͔Βจࣈྻ΁ͷܾఆੑετϦʔϜม׵ثͷఆٛ
ఆٛ 7. ϥϯΫ෇͖໦͔Βจࣈྻ΁ͷܾఆੑετϦʔϜม׵ث (deterministic streaming
ranked-tree-to-string transducer, SRTST)͸ɼ࣍ͷΑ͏ʹఆٛ͞ΕΔ૊ (S,Σ,∆, P, s0,Γ, F, δc,
δr, ρc, ρr) Ͱ͋Δɽ
• S ͸ঢ়ଶͷ༗ݶू߹ɼ
• Σ ͸ೖྗϥϯΫ෇͖ΞϧϑΝϕοτɼ
• ∆ ͸ग़ྗΞϧϑΝϕοτɼ
• P ͸ελοΫه߸ͷ༗ݶू߹ɼ
• s0 ∈ S ͸ॳظঢ়ଶɼ
• Γ ͸ม਺ͷ༗ݶू߹ɼ
• F : S ⇀ E(Γ,∆) ͸ग़ྗؔ਺ɼ
• δc : S × Σ→ S × P ͸ݺͼग़͠ભҠؔ਺ɼ
• δr : S × P × Σ→ S ͸໭ΓભҠؔ਺ɼ
• ρc : S × Σ→ A(Γ,Γ,∆) ͸ݺͼग़͠ߋ৽ؔ਺ɼ
• ρr : S ×P ×Σ→ A(Γ,ΓunionmultiΓp,∆) ͸໭Γߋ৽ؔ਺ɽม਺ू߹ Γp ͸ Γ∩Γp = ∅ Ͱ͋Γɼ
֤ม਺ γ ∈ Γ ʹରͯ͠ม਺ γp ∈ Γp ͕ҰରҰʹରԠ͢Δ΋ͷͱ͢Δɽ !
ݺͼग़͠ߋ৽ؔ਺͸ɼݱࡏͷঢ়ଶͱೖྗه߸͔Β ΓɼΓɼ∆ ্ͷׂ౰ͯΛฦ͢ɽݺͼग़͠ߋ৽
ؔ਺ʹΑΓఆ·Δׂ౰ͯ͸ɼݱࡏͷධՁ͔Β৽ͨʹධՁΛܭࢉ͢ΔͨΊʹ༻͍ΔɽҰํɼ໭Γߋ
৽ؔ਺͸ɼݱࡏͷঢ়ଶɼελοΫʹੵ·ΕͨελοΫه߸ɼೖྗه߸͔Β ΓɼΓ ∪ Γpɼ∆ ্ͷׂ
౰ͯΛฦ͢ɽελοΫͷτοϓʹੵ·ΕͨධՁΛ β ͱͨ͠ͱ͖ɼ໭Γߋ৽ؔ਺͔Βఆ·Δׂ౰
ͯʹݱΕΔ γp ∈ Γp ͸ β(γ) Ͱஔ׵͞ΕΔม਺Ͱ͋Δɽ໭ΓભҠؔ਺ʹΑΓఆ·Δׂ౰ͯ͸ɼݱ
ࡏͷධՁͱελοΫʹੵ·ΕͨධՁ͔Β৽ͨͳධՁΛܭࢉ͢ΔͨΊʹ༻͍Δɽ
Φ = S × (P × A(Γ, ∅,∆))∗ × A(Γ, ∅,∆) ͱ͢ΔɽΦ ͸ SRTST ͷ༷૬ (configuration) ͷ
ू߹Ͱ͋Γɼ(s,Λ,α) ∈ Φ ʹ͍ͭͯɼͦΕͧΕ s ͸ঢ়ଶɼΛ ͸ελοΫɼα ͸ධՁͰ͋Δɽε
λοΫʹ͸ελοΫه߸ͱධՁͷ૊͕ੵ·ΕΔɽαε = [γ := ε]γ∈Γ ͱ͢ΔɽSRTST ͷભҠؔ਺
δ : Φ× Σˆ⇀ Φ Λఆٛ͢Δɽॳظ༷૬Λ (s0, ε,αε) ͱ͢Δɽೖྗ a ∈ Σˆ ͕༩͑ΒΕͨͱ͖ɼ༷
૬্ͷભҠؔ਺ δ(−, a) ͸࣍ͷΑ͏ʹఆٛ͞ΕΔɽ
ݺͼग़͠ભҠ ͋Δ b ∈ Σ ʹ͍ͭͯ a = ⟨b ͷͱ͖ɼ༷૬ (s,Λ,α) ʹର͠ɼδ((s,Λ,α), a) =
(s′, (p,α′)Λ,αε) ͱ͢Δɽ
• s′ ͱ p ͸ δc(s, b) = (s′, p) ʹΑΓಘΒΕΔɽ
• (p,α′)Λ ͸ɼελοΫ Λ ͷτοϓʹ૊ (p,α′) Λϓογϡͨ͠ޙʹͰ͖ΔελοΫ
Ͱ͋Δ͕ɼ͜͜Ͱ α′ = ρc(s, b)α Ͱ͋Δɽͭ·Γɼα′ ͸ ρc(s, b) ʹݱΕΔ γ ∈ Γ Λ
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(s,α) (s′, [γ := ε]γ∈Γ)
⟨σ
=⇒
...
(p, ρc(s,σ)α)
...
ελοΫ Λ ελοΫ (p, ρc(s,σ)α)Λ
ਤ 4.1 ݺͼग़͠ભҠ
(s,α) (s′, ρr(s, p,σ) [γp := β(γ)]γ∈Γ α)
σ⟩
=⇒
(p,β)
...
...
ελοΫ (p,β)Λ ελοΫ Λ
ਤ 4.2 ໭ΓભҠ
α(γ) Ͱஔ׵ͯ͠ಘΒΕΔධՁͰ͋Δɽ
ݺͼग़͠ભҠΛਤΛ༻͍ͯද͢ͱਤ 4.1ͷΑ͏ʹͳΔɽ
໭ΓભҠ ͋Δ b ∈ Σʹ͍ͭͯ a = b⟩ͷͱ͖ɼ༷ ૬ (s, (p,β)Λ,α)ʹର͠ɼδ((s, (p,β)Λ,α), a) =
(s′,Λ,α′) ͱ͢Δɽ
• s′ ͸ δr(s, p, b) = s′ ʹΑΓಘΒΕΔɽ
• Λ ͸ɼελοΫ (p,β)Λ ͷτοϓͷ૊ (p,β) Λϙοϓͨ͠ޙʹͰ͖ΔελοΫͰ
͋Δɽ
• α′ = ρr(s, p, b)βpα ͱ͢Δɽ͜͜Ͱ βp = [γp := β(γ)]γ∈Γ ͱ͢Δɽͭ·Γɼα′ ͸
ρr(s, p, b) ʹݱΕΔ γp ∈ Γp Λ β(γ) Ͱஔ׵͠ɼͦͷ݁ՌಘΒΕͨදݱʹݱΕΔ֤
γ ∈ Γ Λ α(γ) Ͱஔ׵ͯ͠ಘΒΕΔධՁͰ͋Δɽ
໭ΓભҠΛਤΛ༻͍ͯද͢ͱਤ 4.2ͷΑ͏ʹͳΔɽ
SRTST T ʹ͍ͭͯɼೖྗ a ∈ ΣˆʹΑΔ༷૬ c͔Β c′ ΁ͷભҠΛ c a=⇒T c′ ͱද͠ɼc′ = δ(c, a)
Ͱఆٛ͢ΔɽT ͕໌Β͔ͳͱ͖୯ʹ c
a
=⇒ c′ ͱॻ͘ɽ༷૬ c ͔Β 0 ճҎ্ͷભҠͰ༷૬ c′ ΁ࢸ
Δͱ͖ c =⇒∗ c′ ͱॻ͘ɽભҠؔ਺ δ ͷ Σˆ∗ ্΁ͷࣗવͳ֦ுΛ δˆ ͱද͢ɽωετจࣈྻ w ∈ Σˆ∗
ʹΑΔ༷૬ c ͔Β c′ ΁ͷભҠΛ c w=⇒T c′ ͱද͠ɼc′ = δˆ(c, w) Ͱఆٛ͢ΔɽT ʹରͯ͠෦෼
ؔ਺ !T " : ⌊TΣ⌋ ⇀ ∆∗ Λ࣍ͷΑ͏ʹఆٛ͢ΔɽϥϯΫ෇͖ωετจࣈྻ w ∈ ⌊TΣ⌋ ʹ͍ͭͯ
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δˆ((s0, ε,αε), w) = (s, ε,α) ͷͱ͖ɼF (s) ͕ະఆٛͳΒ͹ !T " (w) ΋ະఆٛͱ͠ɼͦ͏Ͱͳ͍ͳ
Β͹ !T " (w) = F (s)α ͱ͢Δɽ!T " ͷఆٛҬΛ Dom(T ) Ͱද͢ɽ
ྫ 6. ྫ 4 Ͱࣔͨ͠ yDTR ͱ౳Ձͳม׵Λߦ͏ SRTST Λఆٛ͢ΔɽT = (S,Σ,∆, P, s0,Γ, F,
δc, δr, ρc, ρr) Λ SRTST ͱ͢Δɽ͜͜Ͱ S = {s?, sa, sb}ɼΣ = {f(2), a(0), b(0)}ɼ∆ = {a, b}ɼ
P = {p?, pa, pb}ɼs0 = s?ɼΓ = {γ} ͱ͢ΔɽભҠؔ਺ δc Λ͢΂ͯͷ σ ∈ Σɼh ∈ {a, b, ?} ʹ
͍ͭͯɼδc(sh,σ) = (s?, ph) ͱ͢ΔɽભҠؔ਺ δr Λ͢΂ͯͷ s ∈ Sɼσ ∈ Σ ʹ͍ͭͯɼ
δr(s, pa,σ) = sa, δr(sa, p?,σ) = sa, δr(s?, p?, a) = sa,
δr(s, pb,σ) = sb, δr(sb, p?,σ) = sb, δr(s?, p?, b) = sb.
ͱ͢Δɽݺͼग़͠ߋ৽ؔ਺ ρc Λ͢΂ͯͷ s ∈ S ʹ͍ͭͯɼ
ρc(s?, a) = [γ := a] , ρc(sa, a) = [γ := γa] , ρc(sa, b) = [γ := γb] , ρc(s, f) = [γ := γ] ,
ρc(s?, b) = [γ := b] , ρc(sb, a) = [γ := aγ] , ρc(sb, b) = [γ := bγ]
ͱ͢Δɽ໭Γߋ৽ؔ਺ ρr Λ͢΂ͯͷ s ∈ S ʹ͍ͭͯɼ
ρr(s, p?, a) = [γ := γp] , ρr(s, pa, f) = [γ := γpγ] , ρr(s, p?, f) = [γ := γ] ,
ρr(s, p?, b) = [γ := γp] , ρr(s, pb, f) = [γ := γγp] .
ͱ͢Δɽग़ྗؔ਺Λɼ͢΂ͯͷ s ∈ S ʹ͍ͭͯ F (s) = γ ͱ͢Δɽೖྗͱͯ͠
f(f(b,a),f(a,b))) Λ T ʹ༩͑ͨͱ͖ɼભҠ͸࣍ͷΑ͏ʹͳΔɽ͜͜Ͱ͸ݟқ͞ͷͨ
ΊʹελοΫΛ #−$ Ͱғ͍ͬͯΔɽ
17
(s?, #$ ,αε )
⟨f
=⇒ (s?, #(p?,αε)$ ,αε )
⟨f
=⇒ (s?, #(p?,αε)(p?,αε)$ ,αε )
⟨b
=⇒ (s?, #(p?, [γ := b])(p?,αε)(p?,αε)$ ,αε )
b⟩
=⇒ (sb, #(p?,αε)(p?,αε)$ , [γ := b] ) (4.1)
⟨a
=⇒ (s?, #(pb, [γ := ab])(p?,αε)(p?,αε)$ ,αε )
a⟩
=⇒ (sb, #(p?,αε)(p?,αε)$ , [γ := ab] )
f⟩
=⇒ (sb, #(p?,αε)$ , [γ := ab] )
⟨f
=⇒ (s?, #(pb, [γ := ab])(p?,αε)$ ,αε )
⟨a
=⇒ (s?, #(p?, [γ := a])(pb, [γ := ab])(p?,αε)$ ,αε )
a⟩
=⇒ (sa, #(pb, [γ := ab])(p?,αε)$ , [γ := a] )
⟨b
=⇒ (s?, #(pa, [γ := ab])(pb, [γ := ab])(p?,αε)$,αε )
b⟩
=⇒ (sa, #(pb, [γ := ab])(p?,αε)$ , [γ := ab] ) (4.2)
f⟩
=⇒ (sb, #(p?,αε)$ , [γ := abab])
f⟩
=⇒ (sb, #$ , [γ := abab])
࠷ޙʹ F (sb) = γ ͔Β !T " (f(f(b,a),f(a,b))) = abab ͱͳΔɽࣜ (4.1) ʹ͓͍ͯɼݺͼ
ग़͠ه߸ ⟨a ΛಡΜͩͱ͖ͷม਺ͱελοΫͷ༷ࢠΛਤ 4.3 ʹࣔ͢ɽ·ͨɼࣜ (4.2) ʹ͓͍ͯɼ
໭Γه߸ f⟩ ΛಡΜͩͱ͖ͷม਺ͱελοΫͷ༷ࢠΛਤ 4.4ʹࣔ͢ɽਤ 4.3ͱਤ 4.4ͷ a/ρ==⇒ ʹ
͓͍ͯ a ∈ Σˆ Ͱ͋Γɼρ ͸ߋ৽ؔ਺ʹΑΓఆ·Δׂ౰ͯͰ͋Δɽ !
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(sb, [γ := b]) (s?, [γ := ε])
⟨a/[γ:=aγ]
=======⇒
(p?, [γ := ε])
(p?, [γ := ε])
(p?, [γ := ab])
(p?, [γ := ε])
(p?, [γ := ε])
ݱࡏͷ γ Λࢀর
ϓογϡ
γ Λ ε ͰॳظԽ
ਤ 4.3 ݺͼग़͠ભҠ (ࣜ (4.1))
(sa, [γ := ab]) (sb, [γ := abab])
f⟩/[γ:=γγp]
=======⇒
(pb, [γ := ab])
(p?, [γ := ε]) (p?, [γ := ε])
ݱࡏͷ γ Λࢀর
γ Λ γp ͱͯ͠ࢀর
(ϙοϓ)
γ Λߋ৽
ਤ 4.4 ໭ΓભҠ (ࣜ (4.2))
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5 SRTST ͱ yDTR ͷදݱྗͷಉ౳ੑ
ຊষͰ͸ɼ5.1અͰ೚ҙͷ SRTST ͔Β౳Ձͳม׵Λఆٛ͢Δ yDTR ɼ5.3અͰ೚ҙͷ yDTR
͔Β౳Ձͳม׵Λఆٛ͢Δ SRTST ͕ߏஙՄೳͰ͋Δ͜ͱΛࣔ͢ɽ5.5અͰ SRTST ͷදݱྗʹ
͍ͭͯड़΂Δɽ
5.1 yDTR ͔Β SRTST ͷߏ੒
ຊઅͰ͸ɼ೚ҙͷ yDTR ͔Β౳Ձͳ SRTST Λߏ੒͢Δํ๏Λࣔ͢ɽ͜͜Ͱߏ੒͢Δ SRTST
͸্ঢܕ (bottom-up) Ͱ͋ΔɽSRTST ্͕ঢܕͰ͋Δͱ͸ɼݺͼग़͠ભҠؔ਺͸ৗʹॳظ
ঢ়ଶΛฦ͠ɼݺͼग़͠ߋ৽ؔ਺͕ৗʹݱࡏͷධՁΛม͑ͳ͍Λׂ౰ͯฦ͢ SRTST ͷ͜ͱͰ
͋Δɽͭ·Γɼ͢΂ͯͷ s ∈ Sɼσ ∈ Σ ʹ͍ͭͯ δc(s,σ) = (s′, p) ͷͱ͖ɼs′ = s0 ͔ͭ
ρc(s,σ) = [γ := γ]γ∈Γ Ͱ͋ΔΑ͏ͳ SRTST ͷ͜ͱΛ͍͏ɽ
ิ୊ 1. M Λ೚ҙͷ yDTR ͱ͢Δͱ͖ɼ͢΂ͯͷ t ∈ Dom(M) ʹ͍ͭͯ !M" (t) = !T " (⌊t⌋)
Λຬͨ͢ SRTST T ͕ߏஙՄೳͰ͋Δɽ !
ূ໌. M = (Q,Σ,∆, Init , R,Π, θ) Λ yDTR ͱ͢Δɽͨͩ͠ɼ(Σ,Π, θ) ͸ DBTA
ͱ͢Δɽ͢΂ͯͷ t ∈ Dom(M) ʹ͍ͭͯ !M" (t) = !T " (⌊t⌋) Λຬͨ͢ SRTST
T = (S,Σ,∆, P, s0,Γ, F, δc, δr, ρc, ρr) Λߏங͢Δɽm = max({1} ∪ {rank(σ) | σ ∈ Σ}) ͱ͠ɼ
S = Π≤mɼΓ = Q×XmɼP = Π≤mɼs0 = () ͱ͢Δɽݺͼग़͠ભҠؔ਺ δc Λ࣍ͷΑ͏ʹఆٛ
͢Δɽ͢΂ͯͷ σ(n) ∈ Σɼπ ∈ S ʹ͍ͭͯɼ
δc(π,σ) = ((),π)
ͱ͢Δɽ໭ΓભҠؔ਺ δr Λ࣍ͷΑ͏ʹఆٛ͢Δɽ͢΂ͯͷ σ(n) ∈ Σɼπ ∈ Πnɼπ′ ∈ Π≤m−1
ʹ͍ͭͯɼ
δr(π,π
′,σ) = π′ || θ(σ,π)
ͱ͢Δɽ࣍ʹݺͼग़͠ߋ৽ؔ਺ ρc Λ࣍ͷΑ͏ʹఆٛ͢Δɽ͢΂ͯͷ π ∈ Sɼσ ∈ Σ ʹ͍ͭͯɼ
ρc(π,σ) = [γ := γ]γ∈Γ
ͱ͢Δɽ໭Γߋ৽ؔ਺ ρr Λ࣍ͷΑ͏ʹఆٛ͢Δɽ͢΂ͯͷ σ(n) ∈ Σɼπ ∈ Πnɼπ′ ∈ Π≤m−1
ʹ͍ͭͯɼ
ρr(π,π
′,σ) =
[
q(x|π′|+1) := U(q,σ,π)
]
q∈Q unionmulti [q(xk) := q(xk)p]q∈Q, xk∈X|π′|
20
ࣸ૾ U : Q× Σ(n) ×Πn → E(Γ,∆) Λ࣍ͷΑ͏ʹఆٛ͢Δɽ
U(q,σ,π) =
{
rhs(q,σ,π) (q,σ,π)-نଇ͕ଘࡏ͢Δ৔߹
ε ͦΕҎ֎ͷ৔߹
·ͨɼU ͷఆ͔ٛΒ͢΂ͯͷ xl ∈ Xm \X|π′|+1 ʹ͍ͭͯ q(xl) ͕ม਺ͷߋ৽ʹ࢖ΘΕΔ͜ͱ͸
ͳ͍ͨΊ [q(xl) := q(xl)]q∈Q, xl∈Xm\X|π′|+1 ͷΑ͏ʹ͢Ε͹Α͍ɽ࠷ޙʹग़ྗؔ਺ F Λ͢΂ͯ
ͷ (τ,π) ∈ Init ʹ͍ͭͯ F ((π)) = τ ͱ͢Δɽ
͜͜Ͱࣔͨ͠ߏ੒Ͱ͸ ρr ʹؔͯ͠ (q,σ,π)-نଇ͕ଘࡏ͠ͳ͍ͱ͖ɼม਺ q(x|π′|+1) Λ ε
Ͱஔ׵͢Δ͜ͱʹ͍ͯ͠Δɽຊ࿦จͰ͸ yDTR ͕ࣜ (3.1) Λຬͨ͢͜ͱΛԾఆ͍ͯ͠Δͨ
Ίɼ͋Δೖྗ໦ t ∈ TΣ ʹ͍ͭͯ (q,σ,π)-نଇ͕ଘࡏ͠ͳ͍ͱ͖ɼt ̸∈ Dom(M) Ͱ͋ΔͨΊ
t ̸∈ ⋃(τ,π)∈Init L(π) ͱͳΔɽ͜ͷ͜ͱ͔Β (q,σ,π)-نଇ͕ଘࡏ͠ͳ͍ͱ͖ɼt ∈ L(π′) Λຬͨ
͢ π′ ʹ͍ͭͯ F ͕ఆٛ͞Εͳ͍͜ͱ͸ߏ੒๏͔Β໌Β͔Ͱ͋ΔɽΑͬͯ ⌊t⌋ ͸ !τ"M ͷఆٛ
Ҭʹؚ·Εͳ͍ͨΊɼq(x|π′|+1) ͷ஋Λ ε ʹߋ৽ͯ͠΋Α͍ɽ
͜ΕʹΑΓɼ೚ҙͷ yDTR ͱ౳Ձͳม׵Λߦ͏ SRTST Λߏ੒͢Δ͜ͱ͕Ͱ͖Δɽ·ͨɼߏ
੒͞ΕΔ SRTST ͸໌Β͔ʹ্ঢܕͰ͋Δɽ
͜ͷߏ੒๏͔Β࡞ΒΕΔ SRTST ͷྫΛࣔ͢ɽ
ྫ 7. ྫ 4ͷ yDTR M ͱ౳Ձͳม׵Λߦ͏ SRTST T Λิ୊ 1Ͱࣔͨ͠ํ๏ʹΑΓߏங͢Δɽ
T = (S,Σ,∆, P, s0,Γ, F, δc, δr, ρc, ρr) ͱ͠ɼঢ়ଶͷ༗ݶू߹ SɼελοΫه߸ͷ༗ݶू߹ Pɼ
ม਺ͷ༗ݶू߹ Γ ͸ɼͦΕͧΕҎԼͷΑ͏ʹఆٛ͞ΕΔɽ
S = {(), (πa), (πb), (πa,πa), (πa,πb), (πb,πb), (πb,πa)} = Π≤2,
P = {(), (πa), (πb), (πa,πa), (πa,πb), (πb,πb), (πb,πa)} = Π≤2,
Γ = {q(x1), q(x2)} = Q×X2.
ॳظঢ়ଶ͸ s0 = () Ͱ͋Δɽݺͼग़͠ભҠؔ਺ δc ͸ɼ͢΂ͯͷ σ ∈ Σ ʹ͍ͭͯ࣍ͷΑ͏ʹఆٛ
͞ΕΔɽ
δc((),σ) = ((), ()), δc((πa),σ) = ((), (πa)), δc((πb),σ) = ((), (πb)).
͜͜Ͱ͢΂ͯͷ π ∈ Π2 ʹ͍ͭͯఆٛΛলུ͍ͯ͠Δ͕ɼೖྗ͞ΕΔωετจࣈྻΛ ⌊TΣ⌋ ͷཁ
ૉʹݶ͍ͬͯΔͨΊɼঢ়ଶ π ͷͱ͖ݺͼग़͠ه߸ΛಡΉ͜ͱ͕ͳ͍͔ΒͰ͋Δɽ໭ΓભҠؔ਺
δr ͸ɼ͢΂ͯͷ π ∈ Π ʹ͍ͭͯ࣍ͷΑ͏ʹఆٛ͞ΕΔɽ
δr((), () , a) = (πa), δr((πa,π), () , f) = (πa),
δr((), () , b) = (πb), δr((πb,π), () , f) = (πb),
δr((), (πa), a) = (πa,πa), δr((πa,π), (πa), f) = (πa,πa),
δr((), (πa), b) = (πa,πb), δr((πb,π), (πa), f) = (πa,πb),
δr((), (πb), a) = (πb,πa), δr((πa,π), (πb), f) = (πb,πa),
δr((), (πb), b) = (πb,πb), δr((πb,π), (πb), f) = (πb,πb)
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δr ʹ͍ͭͯ΋શҬతͳఆٛͱͳ͍ͬͯͳ͍͕ɼఆٛ͞Ε͍ͯͳ͍Ҭʹؔͯ͠ݺͼग़͞ΕΔ͜ͱ
͕ͳ͍ͨΊ্هͷఆٛͰे෼Ͱ͋Δɽݺͼग़͠ߋ৽ؔ਺ ρc ͸ɼ͢΂ͯͷ s ∈ Sɼσ ∈ Σ ʹ͍ͭ
ͯ࣍ͷΑ͏ʹఆٛ͞ΕΔɽ
ρc(s,σ) = [γ := γ]γ∈Γ
໭Γߋ৽ؔ਺ ρr ͸ɼ͢΂ͯͷ π1,π2 ∈ Π ʹ͍ͭͯ࣍ͷΑ͏ʹఆٛ͞ΕΔɽ
ρr(() , () , a) = [q(x1) := a] ,
ρr(() , () , b) = [q(x1) := b] ,
ρr(() , (π1), a) = [q(x2) := a, q(x1) := q(x1)p] ,
ρr(() , (π1), b) = [q(x2) := b, q(x1) := q(x1)p] ,
ρr((πa,π1), () , f) = [q(x1) := q(x1)q(x2)] ,
ρr((πb,π1), () , f) = [q(x1) := q(x2)q(x1)] ,
ρr((πa,π1), (π2), f) = [q(x2) := q(x1)q(x2), q(x1) := q(x1)p] ,
ρr((πb,π1), (π2), f) = [q(x2) := q(x2)q(x1), q(x1) := q(x1)p] .
ग़ྗؔ਺͸ F ((πa)) = q(x1)ɼF ((πb)) = q(x1) ͱͳΔɽ
͜͜Ͱߏ੒ͨ͠ T ʹରͯ͠ f(f(b,a),f(a,b)) Λೖྗͨ͠ͱ͖ͷભҠ͸࣍ͷΑ͏ʹͳΔɽ
(() , #$ ,αε )
⟨f
=⇒ (() , #((),αε)$ ,αε )
⟨f
=⇒ (() , #((),αε)((),αε)$ ,αε )
⟨b
=⇒ (() , #((),αε)((),αε)((),αε)$ ,αε )
b⟩
=⇒ ((πb) , #((),αε)((),αε)$ , [q(x1) := b] )
⟨a
=⇒ (() , #((πb), [q(x1) := b])((),αε)((),αε)$ ,αε )
a⟩
=⇒ ((πb,πa), #((),αε)((),αε)$ , [q(x2) := a, q(x1) := b] )
f⟩
=⇒ ((πb) , #((),αε)$ , [q(x1) := ab] )
⟨f
=⇒ (() , #((πb), [q(x1) := ab])((),αε)$ ,αε )
⟨a
=⇒ (() , #((),αε)((πb), [q(x1) := ab])((),αε)$ ,αε )
a⟩
=⇒ ((πa) , #((πb), [q(x1) := ab])((),αε)$ , [q(x1) := a] )
⟨b
=⇒ (() , #((πa), [q(x1) := a])((πb), [q(x1) := ab])((),αε)$,αε )
b⟩
=⇒ ((πa,πb), #((πb), [q(x1) := ab])((),αε)$ , [q(x2) := b, q(x1) := a] )
f⟩
=⇒ ((πb,πa), #((),αε)$ , [q(x2) := ab, q(x1) := ab])
f⟩
=⇒ ((πb) , #$ , [q(x1) := abab] )
22
ग़ྗؔ਺͕ F (πb) = q(x1) Ͱ͋Δ͔Β !T " (f(f(b,a),f(a,b))) = abab ͱͳΔɽ !
5.2 yDTR ͔Βͷ SRTST ͷߏ੒๏ͷਖ਼౰ੑ
ຊઅͰ͸ɼ5.1અ Ͱࣔͨ͠ߏ੒๏͕ਖ਼͍͜͠ͱΛࣔ͢ɽ͸͡Ίʹߏ੒͞Εͨ SRTST ͷఆٛҬ
ͱݩͱͳͬͨ yDTR ͷఆٛҬ͕౳͍͜͠ͱΛࣔ͠ɼͦͷޙɼyDTR ͷఆٛҬʹ͓͍ͯ౳Ձͳม
׵ͱͳ͍ͬͯΔ͜ͱΛࣔ͢ɽ
yDTR M = (Q,Σ,∆, Init , R,Π, θ) ͱ͠ɼิ୊ 1 ͷূ໌Ͱࣔͨ͠ํ๏ʹΑΓߏ੒͞ΕΔ
SRTST Λ T = (S,Σ,∆, P, s0,Γ, F, δc, δr, ρc, ρr) ͱ͢Δɽ
ิ୊ 2. ͢΂ͯͷ t ∈ TΣɼπ ∈ Π ʹ͍ͭͯ δ((π,Λ,α), ⌊t⌋) = (π || θˆ(t),Λ,α′) Ͱ͋Δɽ !
ূ໌. t ্ͷؼೲ๏ʹΑΓূ໌͢Δɽt1, . . . , tn ∈ TΣ ʹ͍ͭͯ π1 = θˆ(t1), . . . ,πn = θˆ(tn)
ͱ͠ɼ֤ i ∈ [n] ʹ͓͍ͯ δ((πi,Λi,αi), ⌊ti⌋) = (πi || θˆ(ti),Λi,α′i) ͕੒ΓཱͭͱԾఆ͢Δɽ
t = σ(t1, . . . , tn) ∈ TΣ ʹ͍ͭͯɼભҠ δ((π,Λ,α), ⌊t⌋) ͸ؼೲ๏ͷԾఆΑΓ࣍ͷΑ͏ʹͳΔɽ
(π,Λ,α)
⟨σ
===⇒ ((), (π,α)Λ,α0)
⌊t1⌋
==⇒ ((π1), (π,α)Λ,α1)
==⇒∗ · · ·
⌊tn⌋
===⇒ ((π1, . . . ,πn), (π,α)Λ,αn)
σ⟩
===⇒ (π || θ(σ,π1, . . . ,πn),Λ,α′)
͜͜Ͱ (Σ,Π, θ) ͕ DBTA Ͱ͋Δ͜ͱ͔Β θˆ(σ(t1, . . . , tn)) = θ(σ, θˆ(t1), . . . , θˆ(tn)) =
θ(σ,π1, . . . ,πn) Ͱ͋ΔɽΑͬͯɼδ((π,Λ,α), ⌊t⌋) = (π || θˆ(t),Λ,α′) ͕੒Γཱͭɽ
ิ୊ 3. T ͱ M ͷఆٛҬ͸౳͍͠ɽ !
ূ໌. ࣜ (3.1) ͔Β Dom(M) =
⊎
(τ,π)∈Init L(π)ɼิ୊ 2 ͔Βɼ͢΂ͯͷ t ∈ TΣ ʹ͍ͭͯ
δ(((), ε,α0), ⌊t⌋) = ((θˆ(t)), ε,α) Ͱ͋ΔɽΑͬͯɼิ୊ 1ͷ Init ͷߏ੒͔Β
⌊t⌋ ∈ Dom(T ) ⇐⇒ (θˆ(t)) ∈ Dom(F )
⇐⇒ (τ, θˆ(t)) ∈ Init
⇐⇒ t ∈ Dom(M)
Ͱ͋Δɽ
ิ୊ 4. yDTR M = (Q,Σ,∆, Init , R,Π, θ) ͱ͢Δɽ೚ҙͷ τ ∈ RhsQ,∆(Xn)ɼt1 . . . , tn ∈ TΣ
ʹ͍ͭͯɼ͢΂ͯͷ q(xi) ∈ τ ʹ͓͍ͯ ti ∈ Dom(q) ͷͱ͖ɼ!τ"M (t1, . . . , tn) = τ [q(xi) := !q"M (ti)]q(xi)∈τ
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͕੒Γཱͭɽ !
ূ໌. t ͱ τ ্ͷؼೲ๏ʹΑΔɽ
ิ୊ 5. m = max({1} ∪ {rank(σ) | σ ∈ Σ}) ͱ͢Δɽ͢΂ͯͷ t = σ(t1, . . . , tn) ∈ TΣɼ
π ∈ Π≤m−1 ʹ͍ͭͯ δ((π,Λ,α), ⌊t⌋) = (π′,Λ,α′) ͷͱ͖ɼ
α′ =
[
q(x|π|+1) := !q"M (t)]q∈Q unionmulti [q(xi) := α(q(xi))]q∈Q, xi∈X|π|
Ͱ͋Δɽͨͩ͠ɼ!q"M (t) ͕ະఆٛͷͱ͖ɼ͜͜Ͱ͸ !q"M (t) = ε ͱ͢Δɽ !
ূ໌. t ্ͷؼೲ๏ʹΑΓূ໌͢Δɽt1, . . . , tn ∈ TΣ ʹ͍ͭͯɼ֤ i ∈ [n] ʹ͓͍ͯ
δ((πi,Λi,αi), ⌊ti⌋) = (π′i,Λi,α′i) ͷͱ͖ɼ
α′ =
[
q(x|πi|+1) := !q"M (ti)]q∈Q unionmulti [q(xj) := αi(q(xj))]q∈Q,xj∈X|πi|
͕੒Γཱ͍ͬͯΔͱԾఆ͢Δɽ͢΂ͯͷ σ(n) ∈ Σ ʹ͍ͭͯɼδ((π,Λ,α), ⌊σ(t1, . . . , tn)⌋) =
(π′,Λ,α′) ʹ͓͚Δ֤ભҠ͸ɼؼೲ๏ͷԾఆͱ T ͷߏ੒͔Β࣍ͷΑ͏ʹͳΔɽ
(π,Λ,α)
⟨σ
===⇒ ((), (π, ρc(π,σ)α)Λ,α0)
⌊t1⌋
==⇒ ((π′′1 ), (π, ρc(π,σ)α)Λ, [q(x1) := !q"M (t1)]q∈Q unionmulti [q(x) := ε]q∈Q, x∈Xm\X1)
==⇒∗ · · ·
⌊tn⌋
===⇒ (π′′, (π, ρc(π,σ)α)Λ, [q(xi) := !q"M (ti)]q∈Q, xi∈Xn unionmulti [q(x) := ε]q∈Q, x∈Xm\Xn)
σ⟩
===⇒ (π′,Λ, ρr(π′′,π,σ)β([q(xi) := !q"M (ti)]q∈Q, xi∈Xn unionmulti [q(x) := ε]q∈Q, x∈Xm\Xn))
ͨͩ͠ɼπ′′ = (π′′1 , . . . ,π′′n)ɼβ = [γp := γρc(π,σ)α]γ∈Γ = [γp := α(γ)]γ∈Γ ͱ͢Δɽ͸͡Ίʹ
α′(q(x|π|+1)) Λܭࢉ͢Δͱ࣍ͷΑ͏ʹͳΔɽ
α′(q(x|π|+1))
= q(x|π|+1)ρr(π′′,π,σ)β([q(xi) := !q"M (ti)]q∈Q, xi∈Xn unionmulti [q(x) := ε]q∈Q, x∈Xm\Xn)
= q(x|π|+1)(
[
q(x|π|+1) := U(q,σ,π′′)
]
q∈Q unionmulti [q(xk) := q(xk)p]q∈Q, xk∈X|π′|)
β([q(xi) := !q"M (ti)]q∈Q,xi∈Xn unionmulti [q(x) := ε]q∈Q, x∈Xm\Xn)
= U(q,σ,π′′)β([q(xi) := !q"M (ti)]q∈Q, xi∈Xn unionmulti [q(x) := ε]q∈Q, x∈Xm\Xn)
͜͜Ͱ σ(t1, . . . , tn) ̸∈ Dom(q) ͷͱ͖ɼ
α′(q(x|π|+1)) = εβ([q(xi) := !q"M (ti)]q∈Q, xi∈Xn unionmulti [q(x) := ε]q∈Q, x∈Xm\Xn)
= ε
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ͱͳΔɽҰํɼt ∈ Dom(q) ͷͱ͖ɼ͋Δ (q,σ,π′′)-نଇ͕ଘࡏͯ͠ɼ
α′(q(x|π|+1))
= rhs(q,σ,π′′)β([q(xi) := !q"M (ti)]q∈Q, xi∈Xn unionmulti [q(x) := ε]q∈Q, x∈Xm\Xn)
= rhs(q,σ,π′′) [γp := α(γ)]γ∈Γ ([q(xi) := !q"M (ti)]q∈Q, xi∈Xn unionmulti [q(x) := ε]q∈Q, x∈Xm\Xn)
= rhs(q,σ,π′′) [q(xi) := !q"M (ti)]q∈Q, xi∈Xn
ͱͳΔɽิ୊ 2͔Β t1 ∈ L(π′′1 ), . . . , tn ∈ L(π′′n) Ͱ͋Δ͜ͱͱิ୊ 4 ΑΓɼ
α′(q(x|π|+1)) = rhs(q,σ,π′′) [q(xi) := !q"M (ti)]q∈Q, xi∈Xn
= !rhs(q,σ,π′′)"M (t1, . . . , tn)
= !q"M (σ(t1, . . . , tn))
͕੒Γཱͭɽ
࣍ʹ͢΂ͯͷ q ∈ Qɼxj ∈ X|π| ʹ͍ͭͯ α′(q(xj)) = α(q(xj)) ͕੒Γཱͭ͜ͱࣔ͢ɽ
α′(q(xj)) Λܭࢉ͢Δͱɼ
α′(q(xj)) = q(xj)(
[
q(x|π|+1) := U(q,σ,π′′)
]
q∈Q unionmulti [q(xk) := q(xk)p]q∈Q, x∈X|π′|)
β([q(xi) := !q"M (ti)]q∈Q, xi∈Xn unionmulti [q(x) := ε]q∈Q, x∈Xm\Xn)
= q(xj)pβ([q(xi) := !q"M (ti)]q∈Q, xi∈Xn unionmulti [q(x) := ε]q∈Q, x∈Xm\Xn)
= q(xj)p [γp := α(γ)]γ∈Γ ([q(xi) := !q"M (ti)]q∈Q, xi∈Xn unionmulti [q(x) := ε]q∈Q, x∈Xm\Xn)
= α(q(xj))([q(xi) := !q"M (ti)]q∈Q, xi∈Xn unionmulti [q(x) := ε]q∈Q, x∈Xm\Xn)
= α(q(xj))
ͱͳΔɽΑͬͯɼα′ =
[
q(x|π|+1) := !q"M (t)]q∈Qunionmulti [q(xi) := α(q(xi))]q∈Q,xi∈X|π| Ͱ͋Δɽ
ิ୊ 6. ͢΂ͯͷ t ∈ Dom(M) ʹ͍ͭͯ !M" (t) = !T " (⌊t⌋) Ͱ͋Δɽ !
ূ໌. ิ୊ 3ΑΓ Dom(M) = Dom(T ) Ͱ͋Δɽ·ͨɼิ୊ 5 ΑΓ͢΂ͯͷ t ∈ TΣ ʹ͍ͭͯ
δ(((), ε,α0)) = ((θˆ(t)), ε,α) ͷͱ͖ α = [q(x1) := !q"M (t)]q∈Q Ͱ͋ΔɽΑͬͯɼ
!T " (⌊t⌋) = F ((θˆ(t)))α
= Init(θˆ(t)) [q(x1) := !q"M (t)]q∈Q
=
%
Init(θˆ(t))
&
M
(t)
= !M" (t)
ͱͳΔɽ
5.3 SRTST ͔Β yDTR ͷߏ੒
ຊઅͰ͸ɼ೚ҙͷ SRTST ͔Β౳Ձͳ yDTR Λߏ੒͢Δํ๏Λࣔ͢ɽ
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ิ୊ 7. T Λ೚ҙͷ SRTSTͱ͢Δͱ͖ɼ͢ ΂ͯͷ w ∈ Dom(T )ʹ͍ͭͯ !T " (w) = !M" (⌈w⌉)
Λຬͨ͢ yDTR M ͕ߏஙՄೳͰ͋Δɽ !
ূ໌. T = (S,Σ,∆, P, s0,Γ, F, δc, δr, ρc, ρr) Λ SRTST ͱ͢Δɽ͢΂ͯͷ w ∈ Dom(T ) ʹͭ
͍ͯ !T " (w) = !M" (⌈w⌉) Λຬͨ͢ yDTR M = (Q,Σ,∆, Init , R,Π, θ) Λߏங͢Δɽ
͸͡Ίʹ (sc,σ(n), sr), (sc1,σ1, s
r
1), . . . , (s
c
n,σn, s
r
n) ∈ S ×Σ(>0) × S ʹ͍ͭͯɼ࣍ͷड़ޠ vst
Λߟ͑Δɽvst͸ ༗ޮঢ়ଶભҠ (valid state transition) ͷ಄จࣈͰ͋Δɽ
vst((sc,σ(n), sr), (sc1,σ1, s
r
1), . . . , (s
c
n,σn, s
r
n)) =
∃s1, . . . , sn ∈ S. ∃p, p1, . . . , pn ∈ P.
(∀j ∈ [n]. δc(scj ,σj) = (sj , pj)) ∧
(∀j ∈ [n− 1]. δr(srj , pj ,σj) = scj+1) ∧
δc(s
c,σ) = (sc1, p) ∧ δr(srn, pn,σn) = sr
vst͸ (sc,σ(n), sr), (sc1,σ1, s
r
1), . . . , (s
c
n,σn, s
r
n) ∈ S ×Σ×S ͕༩͑ΒΕͨͱ͖ɼT ʹ͓͍ͯ࣍
ͷΑ͏ͳঢ়ଶભҠ͕ଘࡏ͢Δͱ͖ਅʹͳΔड़ޠͰ͋Δɽ
sc
⟨σ
=⇒ sc1
⟨σ1
==⇒ s1 =⇒∗ sr1
σ1⟩
==⇒ · · · =⇒∗ scn
⟨σn
==⇒ sn =⇒∗ srn
σn⟩
==⇒ sr σ⟩=⇒ s′
vstΛ༻͍ͯ M ͷઌಡΈΦʔτϚτϯͷঢ়ଶͱભҠؔ਺Λ࡞Δɽ
ઌಡΈΦʔτϚτϯͷঢ়ଶू߹ ઌಡΈΦʔτϚτϯͷঢ়ଶू߹ Π Λ࣍ͷΑ͏ʹͯ͠ߏ੒͢Δɽ
ࣗવ਺ i ∈ N ʹΑͬͯఴࣈ෇͚ΒΕͨू߹ Πi Λߟ͑Δɽi = 0 ͷͱ͖ɼΠ0 Λ͢΂ͯͷ
π = (sc, e, sr) ∈ S×Σ(0)×S ʹ͍ͭͯɼ͋ Δ p ∈ P ͕ଘࡏͯ͠ δc(sc, e) = (sr, p)Ͱ͋ΔΑ
͏ͳ scɼeɼsr ͷ૊Λཁૉʹ࣋ͭू߹Π0 = {(sc, e, sr) ∈ S×Σ(0)×S | δc(sc, e) = (sr, p)}
ͱ͢ΔɽΠ0 ͷ֤ཁૉ͸ɼT ʹ͓͍ͯҎԼͷΑ͏ͳঢ়ଶભҠ͕ଘࡏ͢Δ͜ͱΛද͍ͯ͠Δɽ
sc
⟨e
=⇒ sr e⟩=⇒ s′
࣍ʹ Πi ΛҎԼͷΑ͏ʹఆٛ͢ΔɽΠi ͸ɼΠi−1 ͷཁૉ͔Β࡞Δ͜ͱ͕Ͱ͖Δ vst Λຬͨ
͢૊Λ Πi−1 ʹՃ͑ͨू߹Ͱ͋Δɽ
Πi = Π0 ∪
{(sc,σ(n), sr) ∈ S × Σ× S | ∃π1, . . . ,πn ∈ Πi−1. vst((sc,σ, sr),π1, . . . ,πn)} (5.1)
͜͜Ͱ Πi ʹ͍ͭͯ࣍ͷΑ͏ͳ্ঢྻ
Π0 ⊆ Π1 ⊆ · · · ⊆ Πm−1 = Πm ⊆ S × Σ× S
͕ߟ͑ΒΕΔ͕ɼS ͱ Σ ͷཁૉ਺͕༗ݶͰ͋Δ͜ͱ͔ΒɼΠm = Πm−1 Λຬͨ͢Α͏ͳ
m ∈ N ͕ଘࡏ͢ΔɽͦͷΑ͏ͳ m Λ༻͍ͯ Π = Πm ͱ͢Δɽ͜ΕΛઌಡΈΦʔτϚτ
ϯͷঢ়ଶू߹ͱͯ͠࢖͏ɽ
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ઌಡΈΦʔτϚτϯͷભҠؔ਺ ࣍ʹઌಡΈΦʔτϚτϯͷભҠؔ਺ΛఆΊΔɽ͢΂ͯͷ e ∈
Σ(0) ʹ͍ͭͯ θ(e) = {(sc, e, sr) ∈ Π} ͱ͢Δɽ·ͨɼ͢ ΂ͯͷ σ ∈ Σ(>0)ɼπ1, . . . ,πn ∈
Π ʹ͍ͭͯɼ
θ(σ(n),π1, . . . ,πn) = {(sc,σ, sr) ∈ Π | vst((sc,σ, sr),π1, . . . ,πn)}
ͱ͢Δɽ
ม׵نଇ Q = S × S × Γ ͱ͢Δɽ͢΂ͯͷ π = (sc,σ(n), sr) ∈ Πɼγ ∈ Γ ʹ͍ͭͯɼ
(sc,σ, sr) ∈ θ(σ,π1, . . . ,πn) Λຬͨ͢ π1, . . . ,πn ∈ Π ͕ଘࡏ͢Δͱ͖ʹݶΓɼ
(sc, sr, γ)(σ(x1, . . . , xn))→W((sc,σ, sr),π1, . . . ,πn, γ) ⟨π1, . . . ,πn⟩
ͱ͢Δɽ͜͜Ͱ W ͸ Πn+1 × Γ ͔Β RhsQ,∆(Xn) ΁ͷࣸ૾Ͱ͋Γɼ࣍ͷΑ͏ʹఆٛ
͢Δɽ
W(π,π1, . . . ,πn, γ) = γαrn(βcn unionmulti ηn) · · ·αr1(βc1 unionmulti η1)αΓε ∈ RhsQ,∆(Xn)
ͨͩ͠ π1 = (sc1,σ1, s
r
1), . . . ,πn = (s
c
n,σn, s
r
n) ͱ͠ɼ͋Δ s1, . . . , sn ∈ S ͕ଘࡏ͠ɼ֤
i ∈ [n] ʹ͍ͭͯ δc(sci ,σi) = (si, p) Ͱ͋Γɼηi ͸ ηi = [γ := (sci , sri , γ)(xi)]γ∈Γ ͱఆٛ
͞ΕΔׂ౰ͯͱ͢Δɽ·ͨɼαri = ρr(s
r
i , pi,σ) Ͱ͋Γɼβ
c
i = [γp := ρc(s
c
i ,σ)(γ)]γ∈Γɼ
αΓε = [γ := ε]γ∈Γ ͱ͢Δɽ
ॳظঢ়ଶྻͷू߹ ࠷ޙʹॳظྻͷू߹ΛҎԼͷΑ͏ʹ͢Δɽ
Init =
⋃
σ∈Σ
{(F (s′′)αr(sr0, p,σ)(βc(σ) unionmulti η(σ, sr0))αΓε , (s0,σ, sr0)) | (s0,σ, sr0) ∈ Π.
∃s′, s′′ ∈ S. ∃p ∈ P. δc(s0,σ) = (s′, p) ∧ δr(sr0, p,σ) = s′′ ∧ s′′ ∈ Dom(F )}
͜͜Ͱ αr(sr0, p,σ) = ρr(s
r
0, p,σ)ɼβ
c(σ) = [γp := ρc(s0,σ)(γ)]γ∈Γɼη(σ, s
r
0) =
[γ := (s0, sr0, γ)(x1)]γ∈Γɼα
Γ
ε = [γ := ε]γ∈Γ ͱ͢Δɽ
͜ΕʹΑΓ೚ҙͷ SRTST ͱ౳Ձͳม׵Λߦ͏ yDTR Λߏ੒͢Δ͜ͱ͕Ͱ͖Δɽ
͜͜Ͱࣔͨ͠ߏ੒๏ʹΑΓ࡞ΒΕΔ yDTR ͷྫΛݟΔɽ
ྫ 8. ྫ 6ͷ SRTST T ͱ౳Ձͳม׵Λߦ͏ yDTR M Λิ୊ 7Ͱࣔͨ͠ํ๏ʹΑΓߏங͢Δɽ
M = (Q,Σ,∆, Init , R,Π, θ) Λ yDTR ͱ͢ΔɽQ = S × Σ × S ͱ͢ΔɽઌಡΈΦʔτϚτϯ
ͷঢ়ଶू߹͸ࣜ (5.1) ͔Β Πi Λܭࢉ͢Δͱɼ
Π0 = {(s?, a, s?), (s?, b, s?), (sa, a, s?), (sa, b, s?), (sb, a, s?), (sb, b, s?)}
Π1 = Π0 ∪ {(s?, f, sa), (s?, f, sb), (sa, f, sa), (sa, f, sb), (sb, f, sa), (sb, f, sb)}
Π2 = Π1 ∪ {(s?, f, sa), (s?, f, sb), (sa, f, sa), (sa, f, sb), (sb, f, sa), (sb, f, sb)} = Π1
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ͱͳΔͨΊ Π = Π2 ͱ͢ΔɽભҠؔ਺ θ ͸࣍ͷΑ͏ʹఆٛ͞ΕΔɽ
θ(a) = {(s?, a, s?), (sa, a, s?), (sb, a, s?)},
θ(b) = {(s?, b, s?), (sa, b, s?), (sb, b, s?)},
θ(f, (s?, a, s?), (sa, a, s?)) = {(s?, f, sa), (sa, f, sa), (sb, f, sa)},
θ(f, (s?, a, s?), (sa, b, s?)) = {(s?, f, sa), (sa, f, sa), (sb, f, sa)},
θ(f, (s?, a, s?), (sa, f, sa)) = {(s?, f, sa), (sa, f, sa), (sb, f, sa)},
θ(f, (s?, a, s?), (sb, f, s?)) = {(s?, f, sa), (sa, f, sa), (sb, f, sa)},
θ(f, (s?, b, s?), (sb, a, s?)) = {(s?, f, sb), (sa, f, sb), (sb, f, sb)},
θ(f, (s?, b, s?), (sb, b, s?)) = {(s?, f, sb), (sa, f, sb), (sb, f, sb)},
θ(f, (s?, b, s?), (sb, f, sa)) = {(s?, f, sb), (sa, f, sb), (sb, f, sb)},
θ(f, (s?, b, s?), (sb, f, s?)) = {(s?, f, sb), (sa, f, sb), (sb, f, sb)},
θ(f, (s?, f, sa), (sa, a, s?)) = {(s?, f, sa), (sa, f, sa), (sb, f, sa)},
θ(f, (s?, f, sb), (sb, a, s?)) = {(s?, f, sb), (sa, f, sb), (sb, f, sb)},
θ(f, (s?, f, sa), (sa, b, s?)) = {(s?, f, sa), (sa, f, sa), (sb, f, sa)},
θ(f, (s?, f, sb), (sb, b, s?)) = {(s?, f, sb), (sa, f, sb), (sb, f, sb)},
θ(f, (s?, f, sa), (sa, f, sa)) = {(s?, f, sa), (sa, f, sa), (sb, f, sa)},
θ(f, (s?, f, sa), (sa, f, sb)) = {(s?, f, sa), (sa, f, sa), (sb, f, sa)},
θ(f, (s?, f, sb), (sb, f, sa)) = {(s?, f, sb), (sa, f, sb), (sb, f, sb)},
θ(f, (s?, f, sb), (sb, f, sb)) = {(s?, f, sb), (sa, f, sb), (sb, f, sb)}.
ม׵نଇͷू߹ R ͸ҎԼͷنଇΛؚΉू߹Ͱ͋Δɽ͢΂ͯͷ s ∈ S ʹ͍ͭͯɼ࣍ͷΑ͏ʹ༩͑
ΒΕΔɽ
(s, sa, γ)(f(x1, x2))→ aa ⟨(s?, a, s?), (sa, a, s?)⟩,
(s, sa, γ)(f(x1, x2))→ ab ⟨(s?, a, s?), (sa, b, s?)⟩,
(s, sb, γ)(f(x1, x2))→ ab ⟨(s?, b, s?), (sb, a, s?)⟩,
(s, sb, γ)(f(x1, x2))→ bb ⟨(s?, b, s?), (sb, b, s?)⟩,
(s, sa, γ)(f(x1, x2))→ (s?, sa, γ)(x1)a ⟨(s?, f, sa), (sa, a, s?)⟩,
(s, sa, γ)(f(x1, x2))→ (s?, sa, γ)(x1)b ⟨(s?, f, sa), (sa, b, s?)⟩,
(s, sb, γ)(f(x1, x2))→ a(s?, sa, γ)(x1) ⟨(s?, f, sb), (sb, a, s?)⟩,
(s, sb, γ)(f(x1, x2))→ b(s?, sa, γ)(x1) ⟨(s?, f, sb), (sb, b, s?)⟩,
(s, sa, γ)(f(x1, x2))→ (s?, sa, γ)(x1)(sa, sa, γ)(x2) ⟨(s?, f, sa), (sa, f, sa)⟩,
(s, sa, γ)(f(x1, x2))→ (s?, sa, γ)(x1)(sa, sb, γ)(x2) ⟨(s?, f, sa), (sa, f, sb)⟩,
(s, sb, γ)(f(x1, x2))→ (sb, sa, γ)(x2)(s?, sb, γ)(x1) ⟨(s?, f, sb), (sb, f, sa)⟩,
(s, sb, γ)(f(x1, x2))→ (sb, sb, γ)(x2)(s?, sb, γ)(x1) ⟨(s?, f, sb), (sb, f, sb)⟩.
ॳظྻͷू߹͸࣍ͷΑ͏ʹఆٛ͞ΕΔɽ
Init = {⟨a, (s?, a, s?)⟩, ⟨b, (s?, b, s?)⟩, ⟨(s?, sa, γ)(x1), (s?, f, sa)⟩, ⟨(s?, sb, γ)(x1), (s?, f, sb)⟩}
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͜͜Ͱߏ੒ͨ͠ M ʹରͯ͠ೖྗ f(f(b,a),f(a,b)) Λ༩͑ͨͱ͖ͷܭࢉΛߟ͑Δɽ࢝Ίʹ
(Σ,Π, θ) ʹ͓͍ͯ f(f(b,a),f(a,b)) Λडཧ͢Δঢ়ଶΛٻΊΔͱ࣍ͷΑ͏ʹͳΔɽ
θˆ(a) = {(s?, a, s?), (sa, a, s?), (sb, a, s?)}
θˆ(b) = {(s?, b, s?), (sa, b, s?), (sb, b, s?)}
θˆ(f(a,b)) = {(s?, f, sa), (sa, f, sa), (sb, f, sb)}
θˆ(f(b,a)) = {(s?, f, sb), (sa, f, sa), (sb, f, sb)}
θˆ(f(f(b,a),f(a,b))) = {(s?, f, sb), (sa, f, sb), (sb, f, sb)}
͜ͷܭࢉ͔Β !M" (f(f(b,a),f(a,b))) Λܭࢉ͢Δͱ࣍ͷΑ͏ʹͳΓɼग़ྗͱͯ͠!M" (f(f(b,a),f(a,b))) = abab ΛಘΔɽ
!M" (f(f(b,a),f(a,b))) = !Init((s?, f, sb))" (f(f(b,a),f(a,b)))
= !(s?, sb, γ)(x1)" (f(f(b,a),f(a,b)))
= !(s?, sb, γ)" (f(f(b,a),f(a,b)))
= !rhs((s?, sb, γ), f, ⟨(s?, f, sb), (sb, f, sa)⟩)" (f(b,a), f(a,b))
= !(sb, sa, γ)(x2)(sa, sb, γ)(x1)" (f(b,a), f(a,b))
= !(sb, sa, γ)" (f(a,b)) !(sa, sb, γ)" (f(b,a))
= !rhs((sb, sa, γ), f, ⟨(s?, a, s?), (sa, b, s?)⟩)" (a, b)!rhs((sa, sb, γ), f, ⟨(s?, b, s?), (sb, a, s?)⟩)" (b, a)
= !ab" (a, b) !ab" (b, a)
= abab !
5.4 SRTST ͔Βͷ yDTR ͷߏ੒๏ͷਖ਼౰ੑ
ຊઅͰ͸ɼ5.3અ Ͱࣔͨ͠ߏ੒๏͕ਖ਼͍͜͠ͱΛࣔ͢ɽ͸͡Ίʹߏ੒͞Εͨ yDTR ͷఆٛҬ
͕ݩͱͳͬͨ SRTST ͷఆٛҬ͕౳͍͜͠ͱΛࣔ͠ɼͦͷޙɼSRTST ͷఆٛҬʹ͓͍ͯ౳Ձͳ
ม׵ͱͳ͍ͬͯΔ͜ͱΛࣔ͢ɽ
SRTST T = (S,Σ,∆, P, s0,Γ, F, δc, δr, ρc, ρr) ͱ͢Δɽิ୊ 7ͷূ໌Ͱࣔͨ͠ํ๏ʹΑΓߏ
੒͞ΕΔ yDTR Λ M = (Q,Σ,∆, Init , R,Π, θ) ͱ͢Δɽ
ิ୊ 8. ͢΂ͯͷ σ(t1, . . . , tn) ∈ TΣ ʹ͍ͭͯɼ
(sc,Λ,α)
⟨σ
=⇒ (s′, (p,α′)Λ,α′) ⌊t1⌋==⇒ · · · ⌊tn⌋===⇒ (sr, (p,α′)Λ,α′′) σ⟩=⇒ (s′′,Λ,α′′)
ͷͱ͖ɼ(sc,σ, sr) ∈ Π ͔ͭ σ(t1, . . . , tn) ∈ L((sc,σ, sr)) Ͱ͋Δɽ !
ূ໌. Π ͱ θ ͷߏ੒๏͔Β໌Β͔ʹ੒Γཱͭɽ
ิ୊ 9. M ͱ T ͷఆٛҬ͸౳͍͠ɽ !
29
ূ໌. ิ୊ 8ͱ Init ͷߏ੒͔Β͕࣍੒Γཱͭɽ͢΂ͯͷ σ(t1, . . . , tn) ∈ TΣ ʹ͍ͭͯɼ
⟨σ ⌊t1⌋ · · · ⌊tn⌋ σ⟩ ∈ Dom(T )
⇐⇒ (s0, ε,αε) ⟨σ=⇒T (s′, (p,αε),α) ⌊t1⌋···⌊tn⌋======⇒T (sr0,αε,α)
σ⟩
=⇒T (s′′, ε,α′) ∧ s′′ ∈ Dom(F )
⇐⇒ δc(s0,σ) = (s′, p) ∧ δr(sr0, p,σ) = s′′ ∧ s′′ ∈ Dom(F ) ∧ t ∈ L((s0,σ, sr0))
⇐⇒ (τ, (s0,σ, sr0)) ∈ Init ∧ t ∈ L((s0,σ, sr0))
⇐⇒ ⌈⟨σ ⌊t1⌋ · · · ⌊tn⌋ σ⟩⌉ ∈ Dom(M)
⇐⇒ σ(t1, . . . , tn) ∈ Dom(M)
Ͱ͋Δɽ
ׂ౰ͯ ρ1 ∈ A(Γ1,Γ′1,∆)ɼρ2 ∈ A(Γ2,Γ′2,∆) ʹ͍ͭͯ Γ1 ∩ Γ2 = ∅ɼΓ′1 ∩ Γ2 = ∅ ͷͱ͖ɼ
࣍ͷؔ܎͕੒Γཱͭɽ
ρ1ρ2 = [γ1 := ρ1(γ1)]γ1∈Γ1 [γ2 := ρ2(γ
′)]γ2∈Γ2
=
[
γ :=
{
ρ1(γ) (γ ∈ Γ1 ͷ৔߹)
γ (γ ∈ Γ2 ͷ৔߹)
]
γ∈Γ1unionmultiΓ2
[
γ :=
{
γ (γ ∈ Γ′1 ͷ৔߹)
ρ2(γ) (γ ∈ Γ2 ͷ৔߹)
]
γ∈Γ′1unionmultiΓ2
=
[
γ :=
{
ρ1(γ) [γ′ := γ′]γ′∈Γ′1 (γ ∈ Γ1 ͷ৔߹)
γ [γ′ := ρ2(γ)]γ′∈Γ2 (γ ∈ Γ2 ͷ৔߹)
]
γ∈Γ1unionmultiΓ2
=
[
γ :=
{
ρ1(γ) (γ ∈ Γ1 ͷ৔߹)
ρ2(γ) (γ ∈ Γ2 ͷ৔߹)
]
γ∈Γ1unionmultiΓ2
= ρ1 unionmulti ρ2
·ͨɼ͋Δׂ౰ͯ ρ′1 ∈ A(Γ1,Γ′1,∆)ɼධՁ α ∈ A(Γ′1, ∅,∆) ͕ଘࡏ͕ͯ࣍͠੒Γཱͭɽ
ρ1 unionmulti ρ2 = ρ1ρ2
= [γ1 := γ1ρ
′
1α]γ1∈Γ1 ρ2
= ([γ1 := ρ
′
1(γ1)]γ1∈Γ1 α)ρ2
= ([γ1 := ρ
′
1(γ1)]γ1∈Γ1 unionmulti ρ2)α
= (ρ′1 unionmulti ρ2)α
͜ͷ݁Ռ͔Β࣍ͷΑ͏ͳࣜมܗ͕ߦ͑Δɽׂ౰ͯ ρr ∈ A(Γ,Γ∪ Γp,∆)ɼρc ∈ A(Γ,Γ,∆)ɼධՁ
α ∈ A(Γ, ∅,∆)ɼα′ ∈ A(Γ, ∅,∆) ʹ͍ͭͯɼ
ρr [γp := γρ
cα]γ∈Γ α
′ = ρr [γp := γρcα]γ∈Γ [γ := ψγ ]γ∈Γ [ψγ := α
′(γ)]γ∈Γ
͜͜Ͱɼදݱ ψγ ∈ E(ΨΓ,∆) ͸ γ ͔Β།Ұʹఆ·ΔΑ͏ͳදݱͰ͋ΓɼΓ ∩ ΨΓ = ∅ ͱ͢Δɽ
͜ͷͱ͖ɼ[γp := γρcα]γ∈Γ ∈ A(Γp, ∅,∆)ɼ[γ := ψγ ]γ ∈ A(Γ,ΨΓ,∆) Ͱ͋ΓɼΓp ∩ Γ = ∅ ͔
ͭ ∅ ∩ΨΓ = ∅ɼΓ ∩ΨΓ = ∅ Ͱ͋Δ͜ͱ͔Βɼ
ρr [γp := γρ
cα]γ∈Γ α
′ = ρr([γp := γρcα]γ∈Γ unionmulti [γ := ψγ ]γ∈Γ) [ψγ := α′(γ)]γ∈Γ
= ρr(([γp := ρ
c(γ)]γ∈Γ unionmulti [γ := ψγ ]γ∈Γ)α) [ψγ := α′(γ)]γ∈Γ
30
ͱͳΔɽ·ͨɼρr, [γp := ρc(γ)]γ∈Γ unionmulti [γ := ψγ ]γ∈Γ ∈ A(Γ ∪ Γp,Γ unionmultiΨγ ,∆) Ͱ͋Δ͜ͱ͔Β
ρr [γp := γρ
cα]γ∈Γ α
′ = ρr([γp := ρc(γ)]γ∈Γ unionmulti [γ := ψγ ]γ∈Γ)α [ψγ := α′(γ)]γ∈Γ
ͱͯ͠Α͍ɽ͜Ε͸ɼSRTST ͷม਺ͷߋ৽ʹ͓͍ͯ͋Δม਺ΛҰ౓৽͍͠ม਺Ͱஔ׵͓͖ͯ͠ɼ
ޙͰ৽͍͠ม਺Λຊདྷͷׂ౰ͯͰߋ৽ͯ͠΋ҙຯ͕มΘΒͳ͍৔߹͕͋Δͱ͍͏͜ͱͰ͋Δɽ·
ͨɼψ ∈ A(Ψ, ∅,∆)ɼα ∈ A(Γ,Γ′,∆) ʹ͍ͭͯɼΓ ∩Ψ = ∅ ͔ͭ Γ′ ∩Ψ = ∅ ͷͱ͖ɼ
αρ = ρα
͕੒Γཱͭɽ
͜͜Ͱׂࣔͨ͠౰ͯʹؔ͢ΔมܗΛ༻͍ͯɼSRTST ͷભҠʹ͓͚ΔධՁΛߟ͑Δɽ
ิ୊ 10. σ1 t1, . . . ,σn tn ∈ TΣ ͱ͢Δɽ֤ i ∈ [n] ʹ͍ͭͯɼ
(sci ,Λ,αi)
⟨σi
===========⇒ (s′i, (pi, ρ(sci ,σi)α)Λ′,αε)
⌊ti1⌋···⌊tirank(σi)⌋============⇒ (sri , (s′i, (pi, ρ(sci ,σi)α)Λ,α′i)
σi⟩
===========⇒ (s′′i ,Λ,α′′i )
ͷͱ͖ɼδ((sc,Λ,α), ⟨σ ⌊σ1 t1⌋ · · · ⌊σn tn⌋) = (sr,Λ′,α′) ͱ͢Δͱɼ
α′ = αrn(β
c
n unionmulti ηn) · · ·αr1(βc1 unionmulti η1)αΓε
⎛⎝ ⊎
i∈[n]
[(sci , s
r
i , γ)(xi) := α
′
i(γ)]γ∈Γ
⎞⎠
Ͱ͋Δɽͨͩ͠ɼ֤ i ∈ [n] ʹ͍ͭͯ αri = ρr(sri , pi,σi)ɼβci = [γp := ρc(sci ,σi)]γ∈Γɼηi =
[γ := (sci , s
r
i , γ)(xi)]γ∈Γ ͱ͢Δɽ !
ূ໌. t1 = σ1 t1, . . . , tn = σn tn ͱ͢Δɽw1 = ⌊t11⌋ · · · ⌊t1n⌋ ͱͨ͠ͱ͖ɼભҠ δ((sc,Λ,α),
⟨σ ⟨σ1 w1 σ1⟩) ͸࣍ͷΑ͏ʹͳΔɽ
(sc,Λ,α)
⟨σ
=⇒ (sc1, (p, ρc(sc,σ)α)Λ,αε)
⟨σ1
==⇒ (s′1, (p1, ρc(sc1,σ)αε)(p, ρc(sc,σ)α)Λ,αε)
w1==⇒ (sr1, (p1, ρc(sc1,σ)αε)(p, ρc(sc,σ)α)Λ,α1)
σ1⟩
==⇒ (sc2, (p, ρc(sc,σ)α)Λ, ρr(sr1, p1,σ1) [γp := ρc(sc1,σ1)αε]γ∈Γ α1)
͜͜Ͱɼρr(sr1, p1,σ1) [γp := ρc(s
c
1,σ1)αε]γ∈Γ α1 ͸ɼҎԼͷΑ͏ͳࣜมܗ͕ߦ͑Δɽ
ρr(s
r
1, p1,σ1) [γp := ρc(s
c
1,σ1)αε]γ∈Γ α1
= ρr(s
r
1, p1,σ1) [γp := ρc(s
c
1,σ1)αε]γ∈Γ [γ := (s
r
1, s
r
1, γ)(x1)]γ∈Γ [(s
c
1, s
r
1, γ)(x1) := α1(γ)]γ∈Γ
= αr1([γp := ρc(s
c
1,σ1)]γ∈Γ unionmulti [γ := (sc1, sr1, γ)(x1)]γ∈Γ)αΓε [(sc1, sr1, γ)(x1) := α1(γ)]γ∈Γ
= αr1(β
c
1 unionmulti η1)αΓε [(sc1, sr1, γ)(x1) := α1(γ)]γ∈Γ
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ͨͩ͠ɼαr1 = ρr(s
r
1, p1,σ1)ɼβ
c
1 = [γp := ρc(s
c
1,σ1)]γ∈Γɼη1 = [γ := (s
c
1, s
r
1, γ)(x1)]γ∈Γɼα
Γ
ε =
[γ := ε]γ∈Γ ͱ͢ΔɽΑͬͯɼભҠ͸࣍ͷΑ͏ʹͳΔɽ
(sc,Λ,α)
⟨σ ⟨σ1 w1 σ1⟩
=========⇒ (sc2, (p, ρc(sc,σ)α)Λ,αr1(βc1 unionmulti η1)αΓε [(sc1, sr1, γ)(x1) := α1(γ)]γ∈Γ)
ಉ༷ʹͯ͠ɼભҠ δ((sc,Λ,α), ⟨σ ⌊t1⌋ · · · ⌊tn⌋) Λߟ͑Δͱɼ
(sc,Λ,α)
⟨σ
===⇒ (sc1, (p, ρc(sc,σ)α)Λ,αε)
⌊t1⌋
==⇒ (sc2, (p, ρc(sc,σ)α)Λ,αr1(βc1 unionmulti η1) [(sc1, sr1, γ)(x1) := α1(γ)]γ∈Γ αΓε )
⌊t2⌋
==⇒ · · ·
⌊tn⌋
===⇒ (scn, ρc(sc,σ)α)Λ,αrn(βcn unionmulti ηn) [(scn, srn, γ)(xn) := αn(γ)]γ∈Γ · · ·
αr1(β
c
1 unionmulti η1) [(sc1, sr1, γ)(x1) := α1(γ)]γ∈Γ αΓε )
ͱͳΓɼධՁ͸࣍ͷΑ͏ʹมܗ͢Δ͜ͱ͕Ͱ͖Δɽ
αrn(β
c
n unionmulti ηn) [(scn, srn, γ)(xn) := αn(γ)]γ∈Γ · · ·αr1(βc1 unionmulti η1) [(sc1, sr1, γ)(x1) := α1(γ)]γ∈Γ αΓε
= αrn(β
c
n unionmulti ηn) · · ·αr1(βc1 unionmulti η1)αΓε
[(sc1, s
r
1, γ)(x1) := α1(γ)]γ∈Γ · · · [(scn, srn, γ)(xn) := αn(γ)]γ∈Γ
= αrn(β
c
n unionmulti ηn) · · ·αr1(βc1 unionmulti η1)αΓε
⎛⎝ ⊎
i∈[n]
[(sci , s
r
i , γ)(xi) := αi(γ)]γ∈Γ
⎞⎠
ิ୊ 11. ͢΂ͯͷ t = σ(t1, . . . , tn) ∈ TΣ ʹ͍ͭͯɼ
(sc,Λ,α)
⟨σ
=⇒ (s′, (p, ρc(sc,σ)α)Λ,αε) ⌊t1⌋···⌊tn⌋======⇒ (sr, (p, ρc(sc,σ)α)Λ,α′) σ⟩=⇒ (s′′,Λ,α′′)
ͷͱ͖ɼ͢΂ͯͷ γ ∈ Γ ʹ͍ͭͯ !(sc, sr, γ)"M (t) = α′(γ) Ͱ͋Δɽ !
ূ໌. ໦ͷߏ଄ʹؔ͢Δؼೲ๏ʹΑΓূ໌͢Δɽt1 = σ1 t1, . . . , tn = σn tn ∈ TΣ ʹ͍ͭͯɼ֤
i ∈ [n] Ͱ
(sci ,Λi,αi)
⟨σi
========⇒ (s′i, (pi, ρc(sci ,σi)α)Λ,αε)
⌊ti1⌋···⌊tin⌋
========⇒ (sri , (pi, ρc(sci ,σi)αi)Λi,α′i)
σi⟩
========⇒ (s′′i ,Λi,α′′i )
ͷͱ͖ɼ͢΂ͯͷ γ ∈ Γ ʹ͍ͭͯ !(sci , sri , γ)"M (t) = α′i(γ) ͕੒ΓཱͭͱԾఆ͢Δɽt =
σ(t1, . . . , tn) ͱ͢Δɽ͜͜ͰɼભҠ δ((sc,Λ,α), ⌊t⌋) ͕࣍ͷΑ͏ͳͱ͖ɼ
(sc,Λ,α)
⟨σ
=⇒ (s′, (p, ρc(sc,σ)α)Λ,αε) ⌊t1⌋···⌊tn⌋======⇒ (sr, (p, ρc(sc,σ)α)Λ,α′) σ⟩=⇒ (s′′,Λ,α′′)
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ิ୊ 10ΑΓɼ
α′ = αrn(β
c
n unionmulti ηn) · · ·αr1(βc1 unionmulti η1)αΓε
⎛⎝ ⊎
i∈[n]
[(sci , s
r
i , γ)(xi) := α
′
i(γ)]γ∈Γ
⎞⎠
Ͱ͋Δɽؼೲ๏ͷԾఆ͔Β
α′ = αrn(β
c
n unionmulti ηn) · · ·αr1(βc1 unionmulti η1)αΓε
⎛⎝ ⊎
i∈[n]
[(sci , s
r
i , γ)(xi) := !(sci , sri , γ)"M (ti)]γ∈Γ
⎞⎠
ͱͳΔɽ·ͨɼิ୊ 8ΑΓ t1 ∈ L((sc1,σ1, sr1)), . . . , tn ∈ L((scn,σn, srn)) Ͱ͋Δ͜ͱ͔Βɼ͢΂
ͯͷ γ ∈ Γ ʹ͍ͭͯɼ
α′(γ) = rhs((sc, sr, γ),σ,π1, . . . ,πn)
⎛⎝ ⊎
i∈[n]
[(sci , s
r
i , γ)(xi) := !(sci , sri , γ)"M (ti)]γ∈Γ
⎞⎠
ͱͳΔɽͨͩ͠ɼπ1 = (sc1,σ1, s
r
1), . . . ,πn = (s
c
n,σn, s
r
n) ͱ͢Δɽิ୊ 4ΑΓɼ
α′(γ) = !rhs((sc, sr, γ),σ,π1, . . . ,πn)"M (t1, . . . , tn)
= !(sc, sr, γ)"M (σ(t1, . . . , tn)) = !(sc, sr, γ)"M (t)
Ͱ͋Δɽ
ิ୊ 12. ͢΂ͯͷ w ∈ Dom(T ) ʹ͍ͭͯɼ!T " (w) = !M" (⌈w⌉) Ͱ͋Δɽ !
ূ໌. t = ⌈w⌉ɼt = σ(t1, . . . , tn) ͱ͢Δɽ
(s0, ε,αε)
⟨σ
=⇒ (s′, (p,αε)Λ,αε) ⌊t1⌋···⌊tn⌋======⇒ (sr0, (p,αε)Λ,α′)
σ⟩
=⇒ (s′′, ε,α′′)
w ∈ Dom(T ) Ͱ͋Δ͜ͱ͔Β s′′ ∈ Dom(F ) Ͱ͋Γɼิ୊ 9 ͔Β t ∈ Dom(M) Ͱ͋Δɽ·ͨɼ!T " (w) ͸࣍ͷΑ͏ʹมܗ͢Δ͜ͱ͕Ͱ͖Δɽ
!T " (w)
= F (s′′)α′′
= F (s′′)ρr(sr0, p,σ) [γp := γρc(s0,σ)αε]γ∈Γ α
′
= F (s′′)ρr(sr0, p,σ) [γp := γρc(s0,σ)αε]γ∈Γ [γ := (s0, s
r
0, γ)(x1)]γ∈Γ [(s0, s
r
0, γ) := α
′(γ)]γ∈Γ
= F (s′′)ρr(sr0, p,σ)([γp := ρc(s0,σ)(γ)]γ∈Γ unionmulti η(sr0,σ))αΓε [(s0, sr0, γ) := α′(γ)]γ∈Γ
= F (s′′)αr(sr0, p,σ)(β
c(σ) unionmulti η(sr0,σ))αΓε [(s0, sr0, γ)(x1) := α′(γ)]γ∈Γ
͜͜Ͱ αrɼβcɼηɼαΓε ͸ͦΕͧΕ α
r(sr0, p,σ) = ρr(s
r
0, p,σ)ɼβ
c(σ) = [γp := ρc(s0,σ)(γ)]γ∈Γɼ
η(sr0,σ) = [γ := (s0, s
r
0, γ)(x1)]γ∈Γɼα
Γ
ε = [γ := ε]γ∈Γ ͱ͢ΔɽΑͬͯɼ
!T " (w) = F (s′′)αr(sr0, p,σ)(β(σ) unionmulti η(sr0,σ))αΓε [(s0, sr0, γ)(x1) := α′(γ)]γ∈Γ
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Ͱ͋Δɽߋʹิ୊ 11ʹΑΓɼ
!T " (w) = F (s′′)αr(sr0, p,σ)(β(σ) unionmulti η(sr0,σ))αΓε [(s0, sr0, γ)(x1) := !(s0, sr0, γ)"M (t)]γ∈Γ
ͱͳΔɽ
Ұํɼ!M" (t) ͸ఆٛͱิ୊ 4͔Β
!M" (t) = !Init(π)"M (t)
=
'
F (s′′)αr(sr0, p,σ)(β(σ) unionmulti η(sr0,σ))αΓε
(
M
(t)
= F (s′′)αr(sr0, p,σ)(β(σ) unionmulti η(sr0,σ))αΓε [(s0, sr0, γ)(x1) := !(s0, sr0, γ)"M (t)]γ∈Γ
Ͱ͋Δɽ
Ҏ্ΑΓɼ!T " (⌊t⌋) = !M" (t) ͕੒Γཱͭɽ
5.5 දݱྗ
5.1અ Ͱ͸೚ҙͷ yDTR ͔Β౳Ձͳ SRTST Λߏ੒͢Δํ๏Λࣔ͠ɼ5.3અ Ͱ͸೚ҙ SRTST
͔Β౳Ձͳ yDTR Λߏ੒͢Δํ๏Λࣔͨ͠ɽิ୊ 1ͱิ୊ 7 Λ·ͱΊͯɼ࣍ͷఆཧΛಘΔɽ
ఆཧ 1. SRTST ͱ yDTR ͸ಉ౳ͷදݱྗΛ࣋ͭɽ !
ิ୊ 7͔Β೚ҙͷ SRTST ͱ౳Ձͳ yDTR Λ࣮ࡍʹߏங͢Δ͜ͱ͕Ͱ͖ɼyDTR ͷ౳Ձੑ൑
ఆ໰୊͸ܾఆՄೳ [22] Ͱ͋Δ͜ͱ͕ࣔ͞Ε͍ͯΔ͜ͱ͔Β࣍ͷఆཧ͕੒Γཱͭɽ
ఆཧ 2. SRTST ͷ౳Ձੑ൑ఆ͸ܾఆՄೳͰ͋Δɽ !
·ͨɼิ୊ 7ͱิ୊ 1Ͱࣔͨ͠ߏ੒๏͔Β࣍ͷఆཧ͕ݴ͑Δɽ
ఆཧ 3. ೚ҙͷ SRTST T ʹର͠ɼ౳Ձͳ্ঢܕ SRTST T ′ ΛߏஙͰ͖Δɽ !
ূ໌. ิ୊ 7 ͔Β T ͱ౳Ձͳม׵Λఆٛ͢Δ yDTR Λ M ͕࡞ΕΔɽ·ͨɼิ୊ 1 ͔Β M ͱ
౳Ձͳ SRTST T ′ Λ࡞ΕΔ͕ɼ͜Ε͸໌Β͔ʹ্ঢܕͰ͋Δɽ
͜ͷఆཧ͔Β࣍ͷܥ͕ಋ͔ΕΔɽ
ܥ 1. SRTST ͱ ্ঢܕ SRTST ͸ಉ౳ͷදݱྗΛ࣋ͭɽ !
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6 ؔ࿈ݚڀ
ຊষͰ͸ɼ͸͡Ίʹ Alur ͱ D’Antoni ΒʹΑͬͯఏҊ͞Εͨ୯Ұ࢖༻੍໿෇͖ετϦʔϜ໦
ม׵ثͷ୯Ұ࢖༻੍໿Λ SRTST ʹద༻ͨ͠୯Ұ࢖༻੍໿෇͖໦͔Βจࣈྻ΁ͷܾఆੑετϦʔ
Ϝม׵ث (streaming tree-to-string transducer with single-use-restrictionɼSRTSTsur) ͷఆٛ
Λࣔ͢ɽͦͷޙɼ໦͔Βจࣈྻ΁ͷม׵ثͱจࣈྻ্ͷม׵ثʹ͓͚Δؔ࿈ݚڀΛ঺հ͠ɼͦ͜
Ͱࣔͨ͠ม׵ث΍ SRTST ɼyDTR ͷදݱྗͷؔ܎ʹ͍ͭͯड़΂Δɽ
6.1 ୯Ұ࢖༻੍໿෇͖໦͔Βจࣈྻ΁ͷܾఆੑετϦʔϜม׵ث
4ষ Ͱఆٛͨ͠ SRTST Ͱ͸ɼม਺ͷߋ৽ʹ༻͍Δׂ౰ͯʹ͓͍ͯม਺ͷग़ݱʹ੍ؔͯ͠໿
͸ͳ͔͕ͬͨɼετϦʔϜ໦ม׵ثΛఏҊͨ͠จݙ [2] Ͱ͸ɼ୯Ұ࢖༻੍໿ͱݺ͹ΕΔ੍໿͕ม
਺ͷߋ৽ (ׂ౰ͯ) ʹର͔͚ͯ͠ΒΕ͍ͯΔɽ͜͜Ͱ͸ɼSRTST ʹ͓͚Δ୯Ұ࢖༻੍໿ʹ͍ͭ
ͯड़΂Δɽ୯Ұ࢖༻੍໿෇͖ετϦʔϜ໦ม׵ث (STTsur) Ͱ͸ɼ໦ͷૠೖΛߦ͏ͨΊʹදݱʹ
ܕ͕ఆΊΒΕ͓ͯΓɼຊ࿦จͰఆٛͨ͠ E(Γ,∆) ͱ͸ҟͳΔܗͱͳ͍ͬͯΔɽ୯Ұ࢖༻੍໿ʹ
͍ͭͯࣔ͢લʹɼม਺ͷू߹্ͷিಥؔ܎ (conflict relation) Λߟ͑Δɽিಥؔ܎ η ͸ม਺ͷू
߹ X ্ͷೋ߲ؔ܎Ͱ͋Γɼ൓ࣹత͔ͭରশతͰ͋Δɽিಥؔ܎Λຬͨ͢ม਺ γɼγ′ ͸ಉ͡දݱ
ʹݱΕΔ͜ͱ͕Ͱ͖ͳ͍ɽ
ఆٛ 8. Γ Λม਺ͷू߹ɼη Λিಥؔ܎ɼ∆ ΛΞϧϑΝϕοτͱ͠ɼදݱ e ∈ E(Γ,∆) ͕࣍Λຬ
ͨ͢ͱ͖ɼe ͕ η ͰҰ؏తͰ͋Δͱ͍͏ɽ
1. e ʹ͓͍ͯͦΕͧΕͷม਺ γ ͕ߴʑҰճ͚ͩݱΕΔɽ
2. η(γ, γ′) ͷͱ͖ɼe ʹ γ ͱ γ′ ͷ྆ํ͸ؚ·ͳ͍ɽ !
ఆٛ 9. ΓɼΓ′ Λม਺ͷू߹ɼη Λিಥؔ܎ɼ∆ ΛΞϧϑΝϕοτɼׂ౰ͯ ρ ͕࣍Λຬͨ͢ͱ͖
୯Ұ࢖༻੍໿ׂ౰ͯͱ͍͏ɽ
1. ֤දݱ ρ(γ) ͕ η ͰҰ؏తͰ͋Δɽ
2. η(γ1, γ2) ͷͱ͖ɼρ(γ1) ͕ γ′1 ΛؚΈ͔ͭ ρ(γ2) ͕ γ′2 ΛؚΉͱ͖ɼη(γ′1, γ′2) Ͱ͋Δɽ!
ΓɼΓ′ɼηɼ∆ ͔ΒͳΔ୯Ұ࢖༻੍໿ׂ౰ͯ͢΂ͯΛؚΉ࠷খͷू߹Λ A(Γ,Γ′, η,∆) Ͱද͢ɽ
ఆٛ 10. ୯Ұ࢖༻੍໿෇͖ϥϯΫ෇͖໦͔Βจࣈྻ΁ͷܾఆੑετϦʔϜม׵ث (deterministic
streaming ranked-tree-to-string transducer with single-use-restrictionɼSRTSTsur) ͸ɼ࣍ͷ
Α͏ʹఆٛ͞ΕΔ૊ (S,Σ,∆, P, s0,Γ, δc, δr, ρc, ρr) Ͱ͋Δɽ
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• SɼΣɼ∆ɼPɼs0ɼΓɼFɼδcɼδr ͸ SRTST ͱಉ༷ɼ
• F : S → E(Γ,∆) ͸࠷ऴग़ྗؔ਺Ͱ͋ΓɼF (q) ͸ η ͰҰ؏తɼ
• ρc : Q× Σ→ A(Γ,Γ, η,∆) ͸ݺͼग़͠ߋ৽ؔ਺ɼ
• ρr : Q× P × Σ→ A(Γ,Γ ∪ Γp, η,∆) ͸໭Γߋ৽ؔ਺ɽ !
SRTSTsur ͸ SRTST ʹൺ΂ͯਅʹදݱྗ͕ऑ͘ɼ୯߲ೋ֊ड़ޠ࿦ཧʹΑΔ໦͔Βจࣈྻ΁ͷ
ม׵ (monadic second order definable tree-to-string transducerɼMSOTST) ͱ౳Ձͳදݱྗ
Λ࣋ͭ [2]ɽMSOTST ͱ౳ՁͳදݱྗΛ࣋ͭܭࢉϞσϧͱͯ͠ɼ༗ݶෳ੡໦͔Βจࣈྻ΁ͷܾఆ
ੑԼ߱ܕม׵ث (deterministic finite copying top-down tree-to-string transducerɼyDTfc) [10]
͕͋Δɽ
6.2 จࣈྻ͔Βจࣈྻɼ໦͔Βจࣈྻ΁ͷม׵ث
ຊݚڀͰѻͬͨετϦʔϜม׵ث͸໦Λද͢ωετจࣈྻΛೖྗͱ͢Δ͕ɼߏ଄Λ࣋ͨͳ͍௨
ৗͷจࣈྻΛೖྗͱ͢ΔετϦʔϜม׵ثͷදݱྗʹ͍ͭͯ͸࣍ͷΑ͏ͳࣄ࣮͕஌ΒΕ͍ͯΔɽ
2010 ೥ʹෳ੡ແ͠ετϦʔϜจࣈྻม׵ث (copyless streaming string transducerɼSSTcl) [4]
͕ Alur ͱ Cˇerny´ ΒʹΑͬͯఏҊ͞Εͨɽෳ੡ແ͠͸ɼߋ৽ؔ਺Λ δ : S × Σ→ A(Γ,Γ,∆) ͱ
ͨ͠ͱ͖ɼ֤ s ∈ Sɼσ ∈ Σɼγ ∈ Γ ʹ͍ͭͯɼจࣈྻͷू߹ {δ(s,σ)(γ′) | γ′ ∈ Γ} ʹ͓͍ͯ
γ ͕ߴʑҰճ͚͔ͩ͠ग़ݱͯ͠͸͍͚ͳ͍ͱ͍͏੍໿Ͱ͋Δɽ͜ͷෳ੡ແ͠ͱ͍͏੍໿Λετ
ϦʔϜ໦ม׵ث্ʹ֦ுͨ͠΋ͷ͕୯Ұ࢖༻੍໿ͱͳ͍ͬͯΔɽSSTcl ͸ ୯߲ೋ֊ड़ޠ࿦ཧʹ
ΑΔจࣈྻม׵ث (monadic second order logic definable string transducer, MSOST) ͱಉ౳
ͷදݱྗΛ࣋ͪ [1]ɼMSOST ͷ౳Ձੑ൑ఆ͕ՄೳͰ͋Δ͜ͱ͔Β SSTcl ͷ౳Ձੑ൑ఆ͸ܾఆՄ
ೳͰ͋Δ [11]ɽ·ͨɼෳ੡༗ΓετϦʔϜม׵ث (copyful streaming string transducerɼSST)
͸ɼHDT0L γεςϜ (deterministic 0-context lindenmayer systems with tables and with an
additional homomorphism) ͱ౳ՁͳදݱྗΛ࣋ͭ͜ͱ [14] ͕஌ΒΕ͓ͯΓɼHDT0L γες
Ϝͷ౳Ձੑ൑ఆ͕ܾఆՄೳ [8, 21, 17] Ͱ͋Δ͜ͱ͔Β SST ͷ౳Ձੑ൑ఆ͸ܾఆՄೳͰ͋Δɽ
ωετจࣈྻ্ͷม׵Λѻ͏ܭࢉϞσϧͱͯ͠ɼܾఆੑωετจࣈྻ͔Βจࣈྻ΁ͷม׵ث
(deterministic nested word to word transducerɼdN2W) [23] ͕͋ΔɽdN2W ͸ SRTST ͔Β
ม਺Λແͨ͘͠ܭࢉϞσϧͰ͋ΓɼελοΫʹ͸ελοΫه߸͚ͩΛੵΉ͜ͱ͕Ͱ͖ɼطʹग़ྗ
ͨ͠จࣈྻΛޙ͔Βར༻͢Δ͜ͱ͸Ͱ͖ͳ͍ɽ·ͨɼdN2W ͷ౳Ձੑ൑ఆ໰୊͸จ຺ࣗ༝ݴޠ
্ͷࣹͷ౳Ձੑ൑ఆ΁ଟ߲ࣜ࣌ؒͰؼணͰ͖Δ͜ͱ͔Βɼଟ߲ࣜ࣌ؒͰܾఆՄೳͰ͋Δ͜ͱ [23]
͕஌ΒΕ͍ͯΔɽ
yDT ͷαϒΫϥεͱͯ͠໦͔Βจࣈྻ΁ͷܾఆੑஞ࣍Լ߱ܕม׵ث (sequential yDTɼҎԼɼ
ஞ࣍ yDT) ͕͋Δɽஞ࣍ yDT ͸ɼ͢΂ͯͷม׵نଇͷӈลʹ͍֤ͭͯม਺ xi ͕ߴʑҰ౓͔͠
ݱΕͣɼͳ͓͔ͭ x1, . . . , xn ͷॱ൪ͰݱΕΔΑ͏ͳ yDT ͷ͜ͱΛݴ͏ɽஞ࣍ yDT ͸ dN2W
ͱಉ౳ͷදݱྗΛ࣋ͭ͜ͱ [23] ͕஌ΒΕ͍ͯΔɽଞͷ yDT αϒΫϥεͱͯ͠໦͔Βจࣈྻ΁ͷ
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yDTseq dN2W
yDTRseq
yDTfc
yDTRfc SRTSTsurMSOTST
yDT
yDTR SRTST
[23]
[10] [2]
ಉ౳ͷදݱྗ
ઌಡΈ ม਺
੍໿ͷ؇࿨
ਤ 6.1 ໦͔Βจࣈྻ΁ͷม׵Λఆٛ͢ΔܭࢉϞσϧͷؔ܎
ԣ࣠͸ಉ౳ͷදݱྗΛ࣋ͭܭࢉϞσϧɼࠨͷԞ޲͖ͷ࣠͸ਖ਼نઌಡΈʹΑΔ֦ுɼӈͷԞ޲͖ͷ࣠͸ม਺ʹ
ΑΔ֦ுɼॎ࣠͸ม਺ͷग़ݱʹؔ͢Δ੍໿ͷ؇࿨ʹରԠ͢Δɽ
SSTcl MSOST
SST HDT0L
STTsur MSOTST
STT
[1]
[14]
[2]
ಉ౳ͷදݱྗ
੍໿ͷ؇࿨
ߏ଄
ਤ 6.2 จࣈྻ΁ͷม׵Λఆٛ͢ΔܭࢉϞσϧͷؔ܎
ԣ࣠͸ಉ౳ͷදݱྗΛ࣋ͭܭࢉϞσϧɼԞ޲͖ͷ࣠͸ม਺ͷग़ݱʹؔ͢Δ੍໿ͷ؇࿨ɼॎ࣠͸ߏ଄Λ࣋ͭ
σʔλͷม׵΁ͷ֦ு (Լ͸ೖྗ͕จࣈྻɼ্͸ೖྗ͕໦) ʹରԠ͢Δɽ
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ܾఆੑઢܗԼ߱ܕม׵ث (linear yDTɼҎԼɼઢܗ yDT) ͕͋Δɽઢܗ yDT ͸ɼ͢΂ͯͷม׵
نଇͷӈลʹ͍֤ͭͯม਺ xi ͕ߴʑҰ౓͔͠ݱΕͳ͍ yDT ͷ͜ͱΛ͍͏ɽઢܗ yDT ͷ౳Ձ
ੑ൑ఆ໰୊͸ɼଟ߲ࣜ࣌ؒͰ dN2W ͷ౳Ձੑ൑ఆ໰୊ʹؼண͢Δ͜ͱ͕Ͱ͖Δ [6]ɽ·ͨɼઢܗ
yDT ͸ࢦ਺࣌ؒͰ།Ұͷਖ਼نܗΛٻΊΔ͜ͱ͕Ͱ͖ɼঢ়ଶ໊ͷҧ͍Λআ͍ͯ౳ՁͳܗʹنଇΛ
มܗ͢Δ͜ͱͰ౳Ձੑ൑ఆΛߦ͏͜ͱ͕Ͱ͖Δ [5]ɽҰൠͷ yDT ʹ͍ͭͯ͸ɼSeidl ΒʹΑͬͯ
౳Ձੑ൑ఆ͕ܾఆՄೳͰ͋Δ͜ͱ͕ࣔ͞Ε͍ͯΔ [22]ɽҰํɼyDT ʹྦྷੵҾ਺ΛՃ͑ͨ໦͔Β
จࣈྻ΁ͷܾఆੑϚΫϩ໦ม׵ث (determinisitc tree-to-word macro transducerɼyDMT) ͷ
౳Ձੑ൑ఆͷܾఆՄೳੑ͸ະղܾ໰୊Ͱ͋Δɽ
͜͜Ͱڍ͛ͨܭࢉϞσϧͷؔ܎͸ਤ 6.1ɼਤ 6.2ͷΑ͏ʹද͢͜ͱ͕Ͱ͖Δɽຊ࿦จͰࣔͨ͠
ͷ͸ yDTR ͱ SRTST ͕ಉ౳ͷදݱྗΛ࣋ͭ͜ͱͰ͋Δɽ
໦ͷ্ʹ͓͚Δม׵Λѻ͏Ϟσϧͱܾͯ͠ఆੑϚΫϩ໦ม׵ث (deterministic macro tree
transdcuerɼMTT)͕͋Δ [13]ɽਖ਼نઌಡΈ෇͖MTTR͕୯Ұ࢖༻੍໿Λຬͨ͢ͱ͖ɼMSOTT
ͱಉ౳ͷදݱྗΛ࣋ͭ͜ͱ͕஌ΒΕ͓ͯΓ [10]ɼͦ ͷͨΊ STTsur ͱಉ౳ͷදݱྗΛ࣋ͭɽMTT
ͷ౳Ձੑ൑ఆ໰୊ͷܾఆՄೳੑ͸ະղܾ໰୊Ͱ͋Δ͕ɼ͍͔ͭ͘ͷαϒΫϥεʹ͓͍ܾͯఆՄೳ
Ͱ͋Δ͜ͱ͕஌ΒΕ͍ͯΔɽৄ͘͠͸αʔϕΠ࿦จͰ͋Δ [18] Λࢀর͞Ε͍ͨɽ
ߏ଄Խ͞Εͨσʔλʹର͢ΔετϦʔϜॲཧʹؔͯ͠ɼϚΫϩ৿ม׵ث (macro forest trans-
ducer) ͔ΒࣗಈͰޮ཰తͳετϦʔϜॲཧΛಋग़͢Δݚڀ [19]͕͋ΔɽϚΫϩ৿ม׵ث͸ྦྷੵ
Ҿ਺Λ൐͏৿ʹର͢Δม׵Λѻ͑ΔͨΊɼSTTsur ΑΓଟ͘ͷม׵Λදݱ͢Δ͜ͱ͕Ͱ͖Δɽ
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7 ͓ΘΓʹ
ຊ࿦จͰ͸ɼೖྗΛϥϯΫ෇͖ͷ໦Λදݱ͢Δωετจࣈྻɼग़ྗΛจࣈྻʹݶఆܾͨ͠ఆੑ
ετϦʔϜ໦ม׵ث (SRTST) ͕ਖ਼نઌಡΈ෇͖໦͔Βจࣈྻ΁ͷܾఆੑ߱Լܕม׵ث (yDTR)
ͱಉ౳ͷදݱྗΛ࣋ͭ͜ͱΛɼ౳Ձͳม׵ثͷ۩ମతͳߏ੒๏ʹΑΓࣔͨ͠ɽ·ͨɼͦΕʹΑΓ
SRTST ͷ౳Ձੑ൑ఆ͕ܾఆՄೳͰ͋Δ͜ͱͱɼ্ঢܕ SRTST ͱ SRTST ͕ಉ౳ͷදݱྗΛ࣋
ͭ͜ͱΛࣔͨ͠ɽ
ຊ࿦จͰ༻͍ͨख๏͸ɼೖྗ͕ϥϯΫ෇͖ͷ໦Ͱ͋Δ͜ͱʹґଘ͍ͯ͠ΔͨΊɼ৿ (ϥϯΫ
ແ͠໦) ʹର͢Δม׵΋ఆٛͰ͖Δ੍໿ͷͳ͍ STT ΁ͷԠ༻͸೉͍͠ͱߟ͑ΒΕΔɽ͔͠͠ɼ
STT ͷೖྗͱग़ྗΛϥϯΫ෇͖ωετจࣈྻʹ੍ݶܾͨ͠ఆੑετϦʔϜϥϯΫ෇͖໦ม׵ث
(deterministic streaming ranked-tree transducerɼSRTT) ʹؔͯ͠ɼಉ༷ͷख๏Λ༻͍ͯҟͳ
Δ໦ͷ্ͷม׵Λѻ͏ม׵ثͱಉ౳ͷදݱྗΛ࣋ͭ͜ͱ͕ࣔͤΔՄೳੑ͕͋Δɽ͜Εʹ͍ͭͯ͸
ࠓޙͷ՝୊ͱ͢Δɽ
͜͜Ͱࣔͨ͠ yDTR ͔Β SRTST ΁ͷߏ੒๏ʹΑΓ yDTRfc ͔Β౳Ձͳ SRTST Λߏ੒͠
ͨͱ͖ɼͦͷ SRTST ͸୯Ұ࢖༻੍໿Λඞͣ͠΋ຬͨ͢ͱ͸ݶΒͳ͍ɽͦ͜Ͱ yDTRfc ͔Β
SRTSTsur ΁ͷม׵΋͘͠͸ɼ೚ҙͷ SRTST ΍ STT ʹ͍ͭͯ୯Ұ࢖༻੍໿Λຬͨ͢ܗͰఆٛ
Մೳ͔൱͔Λ൑ఆ͢Δํ๏ͱɼఆٛՄೳͰ͋ΔͳΒ͹ͦͷ۩ମతͳߏ੒๏Λࣔ͢͜ͱ͕ɼࠓޙͷ
ݚڀͷํ޲ͱͯ͠ڍ͛ΒΕΔɽ
ͳ͓ɼ੍໿ͷͳ͍ STT ͷ౳Ձੑ൑ఆ໰୊ͷܾఆՄೳੑ͸ະղܾ໰୊ͱͯ͠࢒͞Ε͍ͯΔ [2]ɽ
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ँࣙ
ຊݚڀΛߦ͏ʹ͋ͨΓɼ೤৺ͳ͝ࢦಋΛࣀΓ·ͨ͠ؠ࡚ӳ࠸ڭतɼ౦๺େֶͷத໺ܓհڭतʹ
ਂ͘ײँக͠·͢ɽຊ࿦จͷࣥචʹؔͯ͠ॿݴ΍ࢦఠΛͯ͠௖͍ͨ౦๺େֶͷઙా࿨೭ॿڭʹײ
ँக͠·͢ɽ·ͨɼ͓ੈ࿩ʹͳͬͨத໺ݚڀࣨٴͼؠ࡚ݚڀࣨͷօ༷ʹޚྱਃ্͛͠·͢ɽ
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